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Chapter1
Motivation
A broad spectrum of physical properties is exhibited by complex transition
metal oxides with a perovskite crystal structure. The perovskite structure
has the ability to accommodate almost all elements of the periodic table (fig.
2.1) and yields a large and surprising variety of properties. These include
high temperature superconduction, high electron mobility, switchable spon-
taneous polarisation, high piezoelectricity, high magnetostrictive eﬀect, spin
polarisation, ferromagnetism and antiferromagnetism [7, 8]. This extensive
list of properties makes this group of materials very attractive for micro-
electrical devices, especially when a combination of properties is wanted for
an application. Analogous to modern (semiconducting) micro-electrical de-
vices structures, many device concepts using oxides employ alternating lay-
ered structures in which dimensions are minute; some small enough to ob-
serve quantum size eﬀects. Thus, to fully benefit from the above mentioned
properties, it is essential to have structural control at the nanometer scale.
Nowadays it is possible to grow layered structures with film thicknesses
close to a single unit cell [10]. To achieve this feat first an atomically flat
substrate is needed, followed by the ability to deposit thin films with sub-
monolayer precision. A schematic representation of the desired control is
given by figure 1.2, were a repetitive complex structure of three diﬀerent
materials is fabricated, each material layer only two monolayers thick and
with sharp interfaces.
The most studied complex transition metal oxide surface is the SrTiO3(001)
surface, where a perfectly flat, completely TiO2-terminated surface can be ob-
tained by wet etching [11, 12]. This degree of control of the surface structure,
1
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Figure 1.1: Periodic table of elements with colours indicating which element can
be present in the perovskite structure (ABO3) with 100% occupation. Green
elements for the ’A’ position, red elements for the ’B’ position and yellow for the
’O’ position. The schematic model of a perfectly cubic perovskite structure shows
the diﬀerent positions in the corresponding colours. Composed from data in [1–6]
and references therin.
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Figure 1.2: Schematic Lego￿ representation of a superlattice structure. The green
base is represents the substrate, each colour a diﬀerent material. One lego layer
might represent one monolayer and ideally each Lego layer consists of only one
colour. Image taken from [9].
producing defect free, atomically flat surfaces with controlled termination, is
desired for all relevant substrates.
A relatively new transition metal oxide substrate is the rare earth scan-
date DyScO3(110). It has a larger lattice constant than most other common
perovskite substrates (SrTiO3, LaAlO3), opening for example the possibility
for tensile in-plane strain in BaTiO3 or SrTiO3 thin films (Fig. 1.3) [13]. To
investigate the properties of the interface between substrate and film or of
thin films of only a few unit cells high, an atomically flat, single terminated
DyScO3(110) surface as a starting substrate is desired.
Pulsed laser deposition (PLD) is a widely used, versatile thin film depo-
sition technique [14], used to deposit a wide range of materials, e.g. high-
temperature superconductors, oxides, nitrides, carbides, semiconductors, met-
als and even polymers and fullerenes. With PLD it is possible to deposit
complex structures stoichiometrically, with sub-monoplayer precision using a
background pressure ranging from ultra high vacuum to atmospheric pressure
in a relatively straightforward manner. The high supersaturation during the
deposition pulse and the relatively high kinetic energy of the plasma enhances
the growth kinetics and improves the crystallinity and smoothness of the film.
These properties make PLD an ideal candidate for the deposition of complex
3
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Cubic substrate Cubic substrate
Cubic film material
In-plain strained film
❄ ❄
Figure 1.3: On top of a cubic substrate another cubic film material is placed
(dark grey). If the film material adapts itself to the lattice of the substrate, the
in-plain spacing becomes larger and the out-of-plane spacing smaller (light grey).
The strained film can have properties remarkably diﬀerent from the free-standing
cubic material.
transition metal oxides described in this thesis. Unfortunately, many of the
typical characterisation techniques for thin films can not easily be combined
with PLD to study in-situ the thin film growth. High pressure Reflection
High Energy Electron Diﬀraction (RHEED) [15] has been used extensively
to investigate the growth dynamics of thin films in real time. For structural
information, however, especially in more complex cases, RHEED is less suit-
able, due to the multiple-scattering of the electrons requiring a dynamical
approach to obtain quantitative data, complicating the data analysis. Scan-
ning Tunnelling electron Microscopy (STM) provides spatial resolution on an
atomic scale, but it lacks chemical specificity, the sample must be conduct-
ing and the complexity of the equipment makes the combination with PLD
very diﬃcult. With Surface X-Ray Diﬀraction (SXRD), kinematical (single)
scattering theory can be applied, making the interpretation of the scattered
signal easier. In addition, it provides chemical specificity to a certain degree.
However, a high intensity X-ray source is needed for SXRD, so experiments
will have to be conducted at a synchrotron facility. By combining PLD with
SXRD it is possible to study in detail and in-situ the growth kinetics of a
thin film. In addition, the deposition can be paused at diﬀerent stages during
4
the deposition in order to investigate the surface and interface structure at
deposition conditions. That is the aim of this thesis.
The outline of this thesis is as follows. In chapter 2 an introduction is
given of the various materials and methods involved. In chapter 3 a newly
constructed PLD chamber is described, specially designed to be combined
with SXRD. In chapter 4 SXRD is used to determine the surface structure
of annealed DyScO3(110). In chapter 5, a more elaborate substrate prepa-
ration method, chemical etching, is applied to the DyScO3 substrate. Again
the surface structure is described and compared to the prepared samples of
the previous chapter. Finally, in chapter 6 the PLD growth of SrTiO3 on
annealed DyScO3(110) will be discussed.
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Chapter2
Materials & Methods
2.1 Perovskites
Perovskites is the name for a class of compounds with the same type of crystal
structure as CaTiO3. CaTiO3 was first found in the Ural mountains of Russia
by Gustav Rose in 1839 who named it after the Russian mineralogist count
Perovski. The perovskite crystal structure was first published in 1943 by
Gero¨ et al [1].
The general formula for perovskite compounds is ABO3, where A and B
are cations and O an anion. The ideal perovskite structure is cubic and of
space group Pm3¯m (#221) (e.g. SrTiO3). It consist of a three dimensional
framework of corner-sharing BO6 octahedra, with the A cations occupying
the interstices, which are 12-fold coordinated (fig . 1.1, inset). The fractional
coordinates for an idealised perovskite structure are given in table 2.1.
Position Wyckoﬀ symmerty
A 0 0 0 1a
B ½ ½ ½ 2b
O ½ ½ 0 3c
Table 2.1: Fractional coordinates for the idealised perovskite structure in space
group Pm3¯m.
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In this ideal cubic case the relation between cell axis (a) and ionic radii
(rA, rB, rO) can be described as :
a =
√
2(rA + rO) = 2(rB + rO) (2.1)
The ideal perovskite structure structure is not very common and struc-
tures are usually slightly distorted. One of the main factors responsible is the
deviation from the ideal ionic radii. An estimate for the degree of distortion
and stability of the perovskite can be given by the Goldschmidt’s tolerance
factor t [2], the ratio of the two expressions in eq. 2.1 :
t =
(rA + rO)√
2(rB + rO)
(2.2)
For the ideal perovskite the value of t is unity, but almost all known
perovskite structures have a t value in the range of 0.75-1.00. If t becomes
smaller than 1, the A cation is smaller compared to the ideal situation and
the BO6 octahedra will tilt in order to fill up more space and consequently
lower the symmetry of the perovskite structure. This distortion and lowering
of symmetry is important for the optical, magnetic and electrical properties
of the material. Glazer [3] and Woodward [4] have developed systems to
describe such distortions and their associated space groups.
The ability of the perovskite structure to accommodate almost all el-
ements of the periodic table (fig. 1.1), yields a large and surprising va-
riety of properties. For example, colossal magnetoresistance (LaMnO3),
ferroelectricity( BaTiO3), superconductivity (YBa2Cu3O7−δ), charge order-
ing (NdSrMnO3), spin dependent transport (SrCrWO3), high thermopower
(MgCNi3) and the interplay of structural, magnetic and transport properties
are common features observed in the perovskite family.
2.2 Pulsed Laser Deposition (PLD)
Pulsed Laser Deposition (PLD) is a thin film deposition technique using a
laser to ablate the material to be deposited. The ablated particles migrate
in the form of a plasma towards the substrate where it condenses and forms
the thin film.
A schematic representation of the PLD process is given in figure 2.1.
The growth process can be monitored with Reflection High Energy Electron
8
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Diﬀraction (RHEED) or X-ray diﬀraction. The properties of the plasma can
be tuned by varying the background pressure, which is typically around 50
mbar. The low pressure environment will enable the plasma to expand far
enough to reach the substrate. Multi-layered films of diﬀerent materials are
produced by sequential ablation of diﬀerent targets.
A
B
C
D
E
F
G
H
Figure 2.1: A schematic representation of a Pulsed Laser Deposition setup. The
laser ablates a target creating a plasma plume, which will condenses on the heated
substrate. The key components/features are : (A) Laser beam, (B) Plasma plume,
(C) Target carrousel, (D) Substrate heater with crystal, (E) Pump, (F) Gas inlet,
(G) X-rays/RHEED in, (H) X-rays/RHEED out.
History
In 1960, the first optical (red) laser was constructed by Maiman et al [5] using
a synthetic ruby crystal. Two years later, in 1962, Breech and Cross [6] used
the laser for the first time as a means to ablate material. In 1965, Smith
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and Turner [7] used a ruby laser to deposit a thin film. This marked the
very beginning of the development of the pulsed laser deposition technique,
but due to the limitations of the laser technology at that time, in terms of
output stability and low repetition rate, it would take another twenty years
for this technique to develop to a more mature state. With the rapid increase
of laser technology in the early ’80’s, Russian scientists developed the first
installations for laser deposition and could successfully manufacture thin-film
structures using PLD.
The interest in PLD grew more widespread in 1987 when the high- tem-
perature superconductor YBa2Cu3O7−δ [8] was successfully grown as a thin
film with this technique [9, 10]. Nowadays PLD is used to fabricate crys-
talline ceramic oxide and nitride thin films, metallic multilayers, and various
superlattices, all with epitaxial quality.
Mechanism
A pulsed laser beam is focused onto the surface of a solid target. The strong
absorption of the electromagnetic radiation by the solid target surface leads
to superheating of the surface, reaching temperatures in the order of 10,000
K. The ejected plasma plume consists of highly excited and ionised species.
Unlike thermal evaporation, which produces a vapour composition dependent
on the vapour pressures of the elements in the target material, the extremely
high heating rate of the target surface caused by the laser irradiation leads
to the congruent evaporation of the target irrespective of the evaporating
point of the constituent elements or compounds of the target and produces a
plume of material with stoichiometry similar to the target. This preservation
of stoichiometry of the target material is one of the strong points of PLD.
Material from the plasma plume condenses on the substrate placed a short
distance from the target. The short laser pulse duration and subsequent
small temporal spread when the plasma condenses onto the substrate, gives
a high deposition rate and a high supersaturation ( ∆µkBT )
∆µ
kBT
= ln
R
Re
(2.3)
where kB is the Boltzmann constant, R the actual deposition rate, Re the
equilibrium rate at temperature T .
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2.3 Surface X-Ray Diﬀraction (SXRD)
2.3.1 Introduction
X-rays were discovered by Ro¨ntgen in 1895 [11]. In 1912, X-ray diﬀraction
was demonstrated for the first time, the experiments done by Friedrich and
Knipping (fig. 2.2) and the theory developed by Laue [12]. Since then X-
ray diﬀraction has become the most promenent technique to determine the
atomic structure of crystals.
It would take until 1981 for the first surface X-ray experiments to be pre-
formed [13], the main reason being the weak scattering of X-rays. Compared
to a bulk crystal, the scattered intensity from only a surface is much less and
a very intense X-ray source is needed. The emergence of powerful synchotron
sources in the beginning of the 80’s overcame this problem.
(a) (b) (c)
Figure 2.2: (a) Friedrich and Knipping’s first successful diﬀraction photograph.
(b and c) Diﬀraction photograph of zincblende along the four-fold and three-fold
axes[12].
2.3.2 Bulk diﬀraction
When performing a diﬀraction experiment the X-ray beam is aimed at the
crystal and the incoming beam with wavevector Ki (|Ki| = 2πλ , with λ
the wavelength) is scattered by the electrons of the crystal and the scattered
intensity is observed in a specific direction defined by the outgoing wavevector
Kf . The momentum transfer Q is then defined as :
11
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Q = Kf −Ki . (2.4)
Because of the low scattering cross section of X-rays, under many condi-
tions kinematical (or single) scattering theory applies, and then the scattered
amplitude is the sum over all individual contributions with appropriate phase
factors:
E = E0
￿
ρ(r)eiQ·rdr , (2.5)
with E0 containing all pre-factors, ρ(r) the electron density and r the posi-
tion. The crystal which diﬀracts the X-ray beam is built from identical unit
cells arranged according to a lattice with vectors a1, a2 and a3. Therefore
eq.(2.5) can be written as a summation over many identical unit cells that
have the same contribution except for a phase factor:
E = E0
all unit cells￿
n1,n2,n3
eiQ·Rn ·
￿
ρ(r)eiQ·rdr , (2.6)
with Rn = n1a1 + n2a2 + n3a3 a vector that indicates the position of unit
cell n. The summation is only non-zero when Q equals a reciprocal lattice
vector H :
H = hb1 + kb2 + lb3 , (2.7)
with hkl the diﬀraction indices and b1 , b2 and b3 the reciprocal lattice
vectors. The summation over the unit cells can now be written as:
all unit cells￿
n1,n2,n3
eiQ·Rn =
all unit cells￿
n1,n2,n3
e2πi(hn1+kn2+ln3) . (2.8)
This shows that the contributions of all unit cells are only in phase when the
hkl indices are all integer, i.e., diﬀraction only occurs for points in reciprocal
space, each point corresponds to a reflection or bulk Bragg peak (Fig. 2.3).
Since the unit cells are identical, the total scattered amplitude is propor-
tional to the amplitude from a single unit cell, which is called the structure
factor F :
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reciprocal spacereal space
unit cell
bulk Bragg peak hkl
a1
a2a3
b1
b2
b3
Figure 2.3: Diﬀraction from a bulk crystal, with left the crystal in real space
including the lattice vectors and on the right the situation in reciprocal space,
where diﬀraction occurs at points in reciprocal space
F uhkl =
￿
ρ(r)eiQ·rdr =
￿
j
fje
−MjeiQ·rj =
￿
j
fje
−Mje2πi(hxj+kyj+lzj) .
(2.9)
Here fj is the atomic scattering factor, e−Mj the Debye-Waller factor that
accounts for the thermal vibrations and rj = xja1+yja2+zja3 the position
of atom j. The coordinates xj, yj, zj are calleds fractional coordinates. The
diﬀracted intensity Ihkl is proportional to the square of the amplitude of the
structure factor:
Ihkl ∝ |Fhkl|2 . (2.10)
By measuring the intensity for a specific bulk Bragg peak hkl the amplitude
of the structure factor can be found. From the amplitudes of many diﬀerent
Fhkl’s, the positions of the atoms in the unit cell can be derived, i.e. the
structure of the crystal can be determined. Further information can be found
in [14, 15].
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2.3.3 Crystal Truncation Rods
For a 2-dimensional crystal with the thickness of a single unit cell, the cal-
culation of the scattering amplitude from a single layer is similar to that of
a bulk crystal, but now the summation over all the unit cells is only over the
two in-plane directions:
E = E0F
u
hkl
all unit cells￿
n1,n2
eiQ·Rn = E0F uhkl
all unit cells￿
n1,n2
e2πi(hn1+kn2) . (2.11)
The result of this summation is that along the in-plane directions diﬀraction
still only occurs if the indices are integer, but in the perpendicular direction
there is no periodicity, and therefore there in no restriction on the value of
the diﬀraction index in that direction.
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Figure 2.4: Real and reciprocal space of a single crystalline layer. There is no peri-
odicity along the perpendicular direction, and diﬀraction occurs along continuous
rods.
Diﬀraction from a single layer thus occurs along rods in reciprocal space,
instead of points for a bulk crystal (Fig. 2.4. The perpendicular direction
(or z) is chosen to be along the diﬀraction index l. Then the diﬀerent rods
are denoted by integer indices hk; l is continuous. The calculations for the
diﬀracted amplitude from a crystal with a perfectly flat surface that has the
same structure as the bulk is similar that of a bulk crystal. The incoming X-
ray beam will be slightly absorbed by the crystal and therefore the topmost
layer will see a slightly larger intensity than the lower layers. Along the x
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and y directions all the contributions are the same. The summation over all
unit cells now becomes:
E = E0
￿
n1,n2
e2πi(hn1+kn2)
0￿
n3=−∞
e2πiln3eαn3F uhkl , (2.12)
with α an attenuation factor. The first sum is the same as for the single
layer and leads to a reciprocal space with intensity along diﬀraction rods hk.
The second summation describes the contribution from a single column of
identical unit cells, each with structure factor F uhkl with an appropriate phase
factor and with absorption taken into account. Evaluating this summation
separately, one obtains:
F bulkhkl =
0￿
n3=−∞
e2πiln3eαn3F uhkl =
F uhkl
1− e−2πile−α . (2.13)
The intensity will be proportional to the square:
Ibulkhkl = |F bulkhkl |2 =
|F uhkl|2
(1− e−α)2 + 4e−αsin2πl . (2.14)
Since absorption has only an eﬀect near bulk Bragg peaks, it can be ignored
and the amplitude takes the form:
|F bulkhkl | ≈
￿￿￿ F uhkl
2sinπl
￿￿￿ . (2.15)
The amplitude rises to high values for l integer, i.e. at the positions of the
bulk Bragg peaks. Because of the presence of a flat surface, however, there
is a tail of weak scattering connecting the bulk Bragg peaks. These intensity
tails are called crystal truncation rods (CTR’s) [16]. The diﬀraction indices
hk are integer for a CTR, and the l index is continuous (Fig. 2.5)
Exactly in-between two Bragg peaks, i.e. for l = 0.5 + n in the example,
the factor |2sinπl|−1 equals ½. At this so-called anti-Bragg position, where
the contribution from consecutive layers is out-of-phase, the structure factor
amplitude equals that of half a bulk unit cell. For the case |F uhkl| = 1, the
CTR profile is given in figure 2.6, left.
Equation 2.15 for the amplitude of a crystal truncation rod suggests that
a maximum occurs for each integer value of l. This needs not to be true,
because the structure factor of the bulk unit cell also has to be taken into
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Figure 2.5: Real and reciprocal space of a crystal with a flat top surface. Reciprocal
space consists of crystal truncation rods, i.e. diﬀraction rods in which the strong
bulk Bragg peaks are connected by weak tails of diﬀuse intensity.
account. Due to the symmetry in the crystal structure, some integer l-values
may not correspond with maxima in the amplitude and the l spacing between
subsequent bulk reflections on a rod can diﬀer. Figure 2.6, right, shows such
an example, the (1 1)-rod of DyScO3(110).
2.4 Growth modes
The application in which thin films are used, usually requires them to have
atomically flat interfaces and surfaces. The crystalline quality of the film
and morphology (flatness) of the surface are largely determined by its growth
mechanism. Fundamental parameters directing the growth mechanism are:
substrate temperature, kinetic energy of the deposited material, deposition
rate and aﬃnity of the film material to the substrate.
For epitaxial growth on atomically flat surfaces, several modes of nucle-
ation and growth can be distinguished, summarised in figure 2.7.
In figure 2.7(a), step flow growth is depicted (top to bottom). This growth
mode is associated with a relatively high temperature, giving the adatoms a
high mobility, meaning the diﬀusion length of the adatoms is larger than the
average terrace width of the substrate. The adatoms arriving on the surface
will migrate towards the step edges, the most favourable crystallisation site,
either by diﬀusion over the terrace or when falling over a step edge to a lower
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Figure 2.6: Left, the structure factor amplitude along a crystal truncation rod,
assuming the amplitude of a single unit cell to be equal to one. Bulk Bragg
peaks occur for integer values of the diﬀraction index l. Right, the (1 1)-rod of
DyScO3(110). Due to the internal structure of the unit cell, the CTR profile has
more variation and not all integer values for l correspond with a Bragg peak.
terrace and nucleate at this step edge. All adatoms arriving at the surface
will nucleate at a step edge and no islands will be formed on the terrace
surface, therefore the surface roughness does not change during growth.
A second growth mode is layer-by-layer or Frank- van der Merwe growth
(Fig. 2.7(b) [17]). This takes place at a relatively moderate temperature,
where the adatoms arriving on the surface have some mobility. The diﬀusion
length of the adatoms is not large enough for all the atoms to migrate to the
step edge (not shown in picture) and adatoms will nucleate on the terrace
surface to form small islands. The energy barrier for an adatom arriving
on top a newly formed island to diﬀuse to a lower level (Ehrlich-Schwoebel
barrier) is here assumed to be small, resulting in one adatom high islands.
With an increase of the number and size of the islands, they will at some
point coalesce and a complete layer is formed. In the ideal case of layer-
by-layer growth, the subsequent layer starts to grow only after the previous
layer is completely finished. The roughness of the film during growth will
increase at the start of the formation of a new layer until half of this layer is
filled, then as islands coalesce and holes are filled in, the surface will become
more smooth again. When a complete layer is formed, the surface has the
same roughness as at the start.
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(a) Step flow (b) Layer-by-layer
or Frank- van der
Merwe growth
(c) 3D island or
Volmer- Weber
growth
(d) Stranski - Kras-
tanov growth
Figure 2.7: Diﬀerent growth modes for epitaxial growth: (a) Step flow: only
nucleation at the step edges occurds, the surface morphology is unchanged (b)
Frank - van der Merve growth or layer - by - layer growth: a new layer will start to
grow only after the underlying layer is completely filled and roughness is limited to
one layer. (b) Volmer - Weber growth or 3D island growth: many small islands will
nucleate and grow, the surface will become rough. (d) Stranski-Krastanov growth:
starting as layer-by-layer growth, but beyond a critical thickness 3D growth occurs.
The third growth mode is 3D island or Volmer-Weber growth (Fig. 2.7(c)
[18]), taking place at relatively low temperatures corresponding to limited
mobility of the adatoms arriving at the surface. The diﬀusion length of the
adatoms is relatively small and the Ehrlich-Schwoebel barrier high compared
to the energy of the adatom, and not all adatoms arriving on the surface
will not be able to diﬀuse to a lower terrace surface or fall oﬀ a nucleated
island. Many small island will nucleate as will adatoms arriving on top of
these island. 3D islands will be formed and the surface will become rough.
The fourth growth mode is a special case of 3D growth, namely Stranski-
Krastanov growth (Fig. 2.7(d) [19, 20]), where first one or more layer will
grow in a layer-by-layer fashion, but beyond a critical thickness the layers
grow via the 3D mechanism. For slightly mismatched systems, the film will
grow coherently on the substrate under the buildup of elastic strain. When
the film has reached its critical thickness, the accumulated elastic strain
energy in the film is released under the formation of dislocations. From this
point on the film will grow in a 3D island mode.
Since X-ray diﬀraction is sensitive to the roughness of the surface, the
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diﬀerent growth modes can normally be distinguished using SXRD [21].
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Chapter3
Chamber for in-situ X-ray
crystallography during Pulsed
Laser Deposition
A Pulsed Laser Deposition (PLD) chamber was constructed which can be
used to do in-situ Surface X-ray Diﬀraction (SXRD) measurements during
and directly after the PLD process. It has been implemented at the DUBBLE
(BM26) and ID15 beamlines of the European Synchrotron Radiation Facility
(ESRF). The PLD-chamber is highly versatile, enabling multiple components
to be deposited. It has a large angular range for the incoming and diﬀracted
X-rays and full rotation of the sample so a large part of reciprocal space can be
scanned. The PLD-chamber and laser are mounted on a common platform
giving minimal amount of alignment and a maximal choice of diﬀraction
conditions during deposition.
3.1 Introduction
PLD is a versatile method used to deposit many types of thin films [1]. In
particular PLD is used to grow thin layers of complex oxides, for it preserves
the often complex stoichiometrical composition of the deposited material
and can be used at relatively high oxygen pressures. This technique became
widespread after it was used for the deposition of high temperature supercon-
ductor YBa2Cu3O7−δ [2], because that compound is both complex and very
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sensitive to the oxygen pressure at fabrication. In many complex oxide sys-
tems the interface roughness, the temperature dependent strain and the layer
composition are important parameters. In order to understand these param-
eters, their origin and evolution, it is useful to measure the films in situ. Due
to the gas pressure needed during the PLD experiment and the experimental
geometry, only a few methods are available for this purpose. High pressure
RHEED has been proven to be very useful [3, 4]. X-ray diﬀraction has the
benefit that the gas pressure poses no problem and that the atomic-scale
structure can be determined quantitively. But, in order to obtain enough
scattered signal from the thin film, synchrotron radiation is required.
Several other setups exists where PLD-chambers are fitted onto a diﬀrac-
tometer to perform in-situ X-ray diﬀraction measurements during or directly
after the deposition, e.g. at the ESRF [5], SLS [6, 7] and the APS [8, 9].
The motivation for a new PLD-chamber at the ESRF is to improve on the
previous successful designs in both PLD and XRD aspects.
Taking the previous ESRF design as a starting point several improvements
are desireble:
• The new PLD-chamber should have maximal SXRD flexibility, meaning
full sample rotation without any ”blind spots” and a suﬃciently large
entrance and exit window for the X-ray beam. This would allow access
to a larger fraction of reciprocal space.
• Fixing the PLD-chamber and the laser on a common platform would
mean that only one single laser alignment on the target is necessary,
because target and laser do not move with respect to one another when
aligning or rotating the sample. The common platform for chamber and
laser also makes it possible to easily investigate the deposition at any
point in reciprocal space.
• A multiple target carrousel would allow for multilayer systems to be
grown.
• To maximise the initial number of photons hitting the sample and the
diﬀracted signal measured from the sample, the entrance and exit win-
dows for the X-rays should have a minimal absorption for the X-rays.
This also reduces scattering from these windows and can lower the
background signal.
22
3.2 The PLD chamber
• A more stable and reliable laser needs to be installed to get a better
control over the laser fluency.
3.2 The PLD chamber
All these ideas could not be implemented by adapting the previous PLD-
chamber [5], so a completely new design was made, shown in figure 3.1.
The PLD-chamber is based upon a modified DN160 six way vacuum cross,
which can be fixed onto the diﬀractometer. Each flange of the cross can be
interchanged and handles a specific function. Two opposite flanges are used
for the incoming and outgoing X-ray beam. Another flange is used to hold
the sample, with the opposite flange holding the target carrousel. The last
two flanges are used to fix the chamber to the base of the diﬀractometer and
as a viewport to look inside the chamber. Two smaller tubes are welded to
the cross with smaller DN40 flanges for the laser beam to enter the chamber
and for electrical connections.
XRD Two opposite flanges have been adapted to serve as entrance and exit
windows for the X-rays (Figure 3.1, D & H). Thin Kapton® foils (thickness
170µm) minimise X-ray absorption of the incoming and diﬀracted beam. The
entrance window consists of a modified DN160 flange fitted with a second
flange to clamp the Kapton window with two rubber o-rings, one on each side
of the Kapton window. On the opposite side of the chamber, one tube of the
six-way cross is shortened as much as possible and fitted with a large DN200
flange to maximise the exit angle for the X-rays. The Kapton exit window is
fixed in the same way as the entrance window. The Kapton windows can be
easily replaced with other window material e.g. aluminised Milar® or a thin
aluminium plate depending on the requirements. The maximum entrance
angle for the X-ray beam is 12 ◦ and the maximum exit angle is 35 ◦. Com-
bined with X-rays with an energy in the range of 15-25 keV, this guarantees
that a suﬃciently large fraction of reciprocal space can be scanned.
Rotation and alignment of the sample is done via a rotary feedthrough
(Figure 3.1, E)[10] connected with a bellows (Figure 3.1, K) to the chamber
on one side and to the sample stage of the diﬀractometer on the other. Due
to the bellows the rotation of the sample is mechanically decoupled from the
rest of the vacuum chamber. The rotary feedthrough allows for full 360 ◦
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✒✑✓✏A ￿
✒✑✓✏B ￿
✒✑✓✏C ￿
✒✑✓✏D ￿
✒✑✓✏E ￿
✒✑✓✏F￿
✒✑✓✏G￿
✒✑✓✏H￿
✒✑✓✏I￿
✒✑✓✏J￿
✒✑✓✏K￿
✒✑✓✏L￿
Figure 3.1: Cross-section of the PLD-chamber. A. Target rotation carrousel,
B. Pre-ablation shutter, C. Sample position, D. X-ray exit window, E Rotary
feedthrough, F. Vacuum pump connection, G. Target position, H. X-ray inlet win-
dow, I. Heater assembly, J. Laser inlet window, K. Bellows, L. Conical mounting
nut for connection to sample stage of the diﬀractometer
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sample rotation. The ferrofluid sealing of the rotary feedthrough will hold
a vacuum pressure of 10−9 mbar, so no extra diﬀerential pumping on the
feedthrough is necessary. The bellows, which connect the feedthrough to the
fixed chamber, allow the sample to be aligned in position and angle (lateral
± 4 mm, angular movement ± 4 ◦ and height displacement ± 10 mm).
PLD The laser used to ablate the target material is a Quantel Brilliant
B, Nd:YAG laser [11] operating at λ=266 nm, 5 ns pulse length, with a
maximum energy of around 100 mJ per pulse and a maximum pulse rate of
10 Hz. The laser beam is guided towards the target via a specially coated
UV mirror and a UV transparent quartz entrance window to minimise energy
loss (Figure 3.1, J). A lens placed just before the entrance window focusses
the laser beam to the desired size and energy density. The laser is at a fixed
position with respect to the entrance window and target, independent of the
sample alignment, thus minimising laser alignment.
The target carrousel (Figure 3.1, A) can accommodate three diﬀerent
targets, switchable during the deposition for the creation of multilayer ma-
terials. The targets are rotated during deposition to maximise the ablated
surface. The target to substrate distance can be varied from about 35 to 75
mm, but is fixed during deposition. A shutter allows for pre-ablation of the
targets without depositing any material on the substrates (Figure 3.1, B).
Vacuum The chamber is evacuated with a turbo pump connected directly
to the chamber (Figure 3.1, F), which in turn is connected to a membrane
pump via a flexible bellows. This results in a minimum pressure of about
10−6 - 10−7 mbar, limited by the leakage of the rubber o-rings of the X-ray
windows and rotary feedthrough.
The oxygen background pressure is regulated via the pressure reducer
on the gas cylinder and a finely adjustable needle valve. In addition an ad-
justable valve placed between the turbo pump and the PLD-chamber controls
the pumping speed.
Heater The substrate heater is an alumina heater with a diameter of one
inch, capable of heating up to 1200 ◦C in UHV or oxygen atmosphere (Figure
3.1, I) [12]. A boronnitride heat shield minimises heating of the surroundings.
An specially designed alumina ring connects the stem of the heater securely to
the rotary feedthrough axis. The substrates are glued to the alumina heater
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with two component high temperature adhesive (CERASTIL-C7). Substrate
temperature is monitored via a thermocouple situated just under the surface
of the alumina heater and/or a pyrometer measuring directly the substrate
surface temperature.
Mounting and alignment On the DUBBLE beamline (BM26) the PLD-
chamber is mounted on alpha table of the (2+3)-circle vertical geometry
diﬀractometer with a framework of X-95 profiles (Figure 3.2). The height
of the chamber can be set via four adjustment bolts. Sliding with the X-95
beams and clamps gives the desired lateral position. The rotary feedthrough
is fixed to the hexapod of the diﬀractometer via a specially designed conical
nut (Figure 3.1, L), eliminating all play between the rotary feedthrough axis
and the hexapod base plate. The sample surface can be precisely aligned
relative to the centre of the diﬀractometer using the six independent hexapod
movements and a laser-beam reflection procedure. Alignment this way is
accurate to better than 0.01 ◦.
For the ID15 beamline the same concept of constructing a framework of
X-95 profiles can be used, mounting the chamber to the granite arms. The
chamber is rotated 90 ◦ with respect to the DUBBLE beamline, because the
ID15 z-axis diﬀractometer has a horizontal geometry. Extra lead weights
(100kg) are placed on the top plate of the diﬀractometer to compensate for
the pulling vacuum force.
3.3 Results & Conclusion
The PLD-chamber has been used on the DUBBLE beamline and the ID15
beamline at the ESRF. An example of a deposition performed at the DUB-
BLE beamline can be seen in figure 3.3. Three monolayers of SrTiO3 are
deposited onto a DyScO3(110) substrate. The deposition has been performed
with a laser fluency of 90 mJ/pulse at λ=266 nm with a pulse rate of 1 Hz
and on oxygen background pressure of 4x10−4 mbar. About 60 laser pulses
are needed to deposit one monolayer of SrTiO3 on DyScO3 (Figure 3.3, left).
The specular rod of the crystal surface is measured both before and after the
deposition (Figure 3.3, right); The specular rod is measured before deposi-
tion to check the quality of the crystal surface and as a reference.The distinct
fringe pattern in the specular rod after deposition (Figure 3.3, right, closed
circles) shows the number of monolayers deposited and indicates a smooth
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✒✑✓✏A ￿
✒✑✓✏B ￿
✒✑✓✏C ￿
✒✑✓✏D ￿
✒✑✓✏E ￿
✒✑✓✏F￿
✒✑✓✏G￿
❅
❅ ✒✑✓✏I
￿
✒✑✓✏I￿
Figure 3.2: PLD-chamber mounted on the BM26 diﬀractometer. A. Mirror for
laser beam, B. Detector arm, C. X-ray exit window, D. Temperature controller
heater, E. Diﬀractometer, F. Nd:YAG Laser, G. X-ray flight tube, H. Vacuum
connection, I. Oxygen bottle.
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Figure 3.3: (left) Intensity oscillations of the 0 0 ½ reciprocal space point during
deposition of SrTiO3 on DyScO3(110). The laser operates between t=150 sec. and
t=320 sec. During the measurement three monolayers of SrTiO3 are deposited on
the substrate. The circled numbers indicate the number of layers deposited at
the given time. (right) Specular rod of the bare DyScO3 substrate before (open
circles) and after (closed circles) the deposition of three monolayers of SrTiO3.
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surface of the deposited film.
In summary we have described a new, versatile PLD-chamber to be used
for in-situ X-ray diﬀraction measurements during and directly after deposi-
tion. The chamber allows for full crystallographic data acquisition over a
wide angular range and can accommodate multiple targets. It is combined
with a powerful laser on a common platform to minimise laser and sample
alignment and allow for diﬀerent measurement positions during deposition.
Experiments on two diﬀerent beamlines at the ESRF show the new PLD-
chamber functions well with all its required specifications.
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Chapter4
The surface structure of
annealed DyScO3(110)
4.1 Introduction
The development of rare earth scandate single crystals has attracted much
attention as candidate substrates for high temperature epitaxial growth of
perovskite and perovskite-related films. With these rare earth scandate sub-
strates, advances have been made in the field of superconducting [1], ferro-
electic [2–5] and multiferroic [6–8] perovskite thin films.
A important field for the application of rare earth scandate crystals is
the use as a substrate for strained thin films. Strain induced in a film by
the underlying substrate can have significant eﬀects on the properties and
structure of perovskite thin films [3, 9–19]. The origin of this residual strain in
the thin film is the lattice mismatch and the diﬀerence in thermal expansion
coeﬃcients between film and substrate.
Residual uniform strain can, for example, tune the ferroelectric properties
of the film in terms of stability of the ferroelectric phases, the transition
temperature and domain state. For each case we will give a brief example.
1. The perovskite SrTiO3, which is not ferroelectric in its unstrained state
at room or elevated temperature, has been made ferroelectric at room
temperature via the biaxial strain produced by thin film growth of
SrTiO3 on rare earth scandate substrates [20–22].
2. In thin films, in-plane strain can shift the ferroelectric transition tem-
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perature upwards by hundreds of degrees. When assuming a uniform
biaxial strain state this can be explained by thermodynamic theory
[3, 4, 13, 23–25]. This is a reasonable assumption for films on cu-
bic substrates or films with a significant level of relaxation. In this
way the ferroelectric properties of SrTiO3 [3, 5, 6], BaTiO3 [4], and
BaTiO3/SrTiO3 superlattices [26] have been dramatically enhanced,
e.g. the transition temperature of some of these materials increased
by up to 500 K due to the strain caused by these substrates or super-
lattices. This is one of the largest strain-induced shifts in transition
temperature recorded [3, 4, 25].
3. The pseudo-cubic substrates like DyScO3(110) or NdGaO3(110) sur-
faces, have a small diﬀerence in the in-plane lattice parameters, al-
lowing the possibility to create new ferroelectric domain orientations.
The deposited ferroelectric thin film is subjected to anisotropic in-plane
biaxial strain [27], which can lead to new ferroelectric domain reorien-
tation transitions of the thin film, not observed in isotropically strained
films.[21]
The pseudo-cubic lattice constants of rare earth scandate crystals are in
the range of 3.93 - 4.05 A˚ [28], filling up a gap of scarcely available single
crystal perovskite substrates between SrTiO3 (3.90 A˚) and BaTiO3 (4.04 A˚)
(Fig. 4.1) that are suitable for high temperature epitaxial thin film growth.
This range between 3.90 and 4.00 A˚ is of particular importance for the growth
of thin SrTiO3, (Ba1−xSrx)TiO3, Sr0.9La0.1CuO2.2 and Pb(Zr1−xTix)O3 films.
Other substrates in this range have problems with volatility (KTaO3) [29],
phase transitions (BaTiO3) or the preparation of single crystals (SrRuO3).
Of the rare earth scandate crystals, the EuScO3 surface is probably thermo-
dynamically unstable in contact with the film material [30] and (HoScO3) can
not be grown via the standard Czochralski method because it melts incon-
gruently [31], making these two rare earth scandates not suitable as substrate
material. DyScO3, GdScO3 and SmScO3 are well suited for the use as sub-
strates for the growth of perovskite thin films. Of these remaining suitable
candidates, here DyScO3 is chosen to be investigated as a substrate material.
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Figure 4.1: (Pseudo-)cubic lattice constants for rare earth scandate substrates
(bottom) and other oxide perovskites (top), within the growth range of SrTiO3,
BaTiO3, (Ba1−xSrx)TiO3 and Pb(Zr1−xTix)O3 thin films.
4.1.1 State of the Art
DyScO3 is used in two diﬀerent ways, as a substrate and as film material.
As a substrate, the most studied system is DyScO3(110) with a strained
SrTiO3 thin film [3, 5, 6, 21, 22, 25, 27, 32–37], but also films of BaTiO3 [4],
PbTiO3 [38], BiFeO3 with a SrRuO3 buﬀer layer [7, 8] and BaTiO3/SrTiO3
superlattices [20, 39, 40] are grown on this substrate.
DyScO3 as thin film material is used on substrates like MgO [41], Si [42–
45] and SrTiO3 [41, 46] (with SrRuO3 buﬀer layer [47]). The reason for the
interest in DyScO3 as film material is its use in metal-oxide-semiconductor
devices owing to its high dielectric permittivity, large bandgap and thermo-
dynamic stability on Si at high processing temperature.
4.1.2 Aim of the experiment
Though extensive studies have been performed on ferroelectric and struc-
tural properties of ultrathin films using DyScO3 as a substrate, little is
known yet about the surface structure of DyScO3 itself. To fully under-
stand the structure-properties relation of these thin films, the substrate needs
to be taken into account, as has been shown in the classical example of
SrTiO3/LaAlO3 [48].
Literature mentions its smooth flat terraces, but no further information of
the DyScO3(110) surface is given. Though the preparation of the surface can
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be very important it is scarily mentioned. One study reports that the surface
is cleaned with acetone, isopropyl alcohol, and de-ionised water and then spun
dry [27], but most literature only mentions the deposition temperature and
oxygen pressure (e.g. [3, 4, 22]).
Preliminary measurements have shown that the bare DyScO3 surface is
not bulk terminated. This deviation from the bulk surface structure seems
to be preserved when a film is deposited on top. It is therefore important
to investigate the surface structure of DyScO3, in order to know the starting
situation before deposition and to better understand the possible influence
of the substrate on the deposited thin film.
4.2 Bulk properties DyScO3
4.2.1 Crystallographic structure of DyScO3
Atoms x y z B (A˚2)
Dy 0.0172 0.9393 0.2500 0.35
Sc 0.0000 0.5000 0.0000 0.70
O1 0.8804 0.5550 0.2500 1.00
O2 0.6926 0.3040 0.9392 1.00
Table 4.1: Fractional coordinates of DyScO3 at room temperature as given by
ICSD-99545 [28].
DyScO3 is an orthorhombic perovskite with space group Pbnm (#62).
The room temperature fractional coordinates are given in table 4.1, with
the lattice cell parameters being a = 5.4494(1) A˚, b = 5.7263(1) A˚ and c =
7.9132(1) A˚, and a cell volume of 246.93 A˚3 [28].
Like all perovskites, it has an canion (Sc2+) in a sixfold octahedral oxy-
gen coordination and a cation (Dy3+) in an eightfold tetragonal anti-prism
coordination. DyScO3 shows a distortion from the ideal cubic perovskite
structure by tilting and rotation of the oxygen octahedra and oﬀ-centring
of the dysprosium cation (fig. 4.2). The tilting of the oxygen octahedra is
caused by the fact that dysprosium atoms are smaller than required for the
ideal perovskite structure. The dysprosium atoms are displaced from the
centre of the DyO8 polyhedron along the [001] direction. This gives the dys-
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✻
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b
c
[110]=φ
[001]=ϕ
[111]=Φ
Figure 4.2: General orthorhombic perovskite crystal structure. ϕ, Φ and φ denote
the octahedron rotation around the [001], [110] and [111] directions, respectively.
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prosium atoms an approximately eight-fold coordination of oxygen, rather
than a 12-fold cubo-octahedron coordination as in perfect cubic perovskites.
The ScO6 octahedra are tilted about the [110] and [001] directions of the
cubic subcell (also noted in Glazer’s notation as a+b−b− [49]), reducing the
symmetry to that of the Pnma orthorhombic space group (#62). Note, how-
ever that in literature more often the unconventional Pbnm setting (Glazer’s
notation a−a−c+) is used. The conversion of the axes from Pnma (a,b,c) to
Pbnm (a’,b’,c’) is given by a’ = c, b’ = a, and c’ = b.
4.2.2 Preparation of bulk DyScO3 crystals
DyScO3 melts congruently at about 2100 ◦C and large untwinned yellow sin-
gle crystals can be grown using the Czochralski method and flowing nitrogen
or argon for the growth atmosphere [31, 50, 51]. The DyScO3 scandate
crystals are grown along the [110] direction in order to yield DyScO3(110)
scandate substrates. The dislocation density for these DyScO3 substrates
is about 103-105cm−2. They have a high crystalline perfection, well suited
for epitaxial growth of perovskite thin films. The grown DyScO3 crystals are
found to have a non-stoichiometric composition caused by a small dysprosium
deficiency of the distorted perovskite structure [51].
4.2.3 Colour change
Elements can have diﬀerent valence states depending on temperature, the
presence of reactive species or their chemical environment. Depending on
their valence state, rare earth ions can have diﬀerent colours, thus the valence
state of the rare earth in the crystal often determines or contributes to the
colour of the crystal [52]. The presence of only a small concentration of rare
earth ions with a higher or lower valence state can alter the colour of the
crystal.
In the case of DyScO3, upon heating (for deposition to about 600 ◦C), the
colour of the substrate changes from yellow to brownish (Fig. 4.3).
The explanation given by Uecker et al [51] and adopted by Dirsyte et al
[53] is, that in the case of TbScO3 the colour change is due to the partial
oxidation of Tb3+ to Tb4+ upon heating via 4Tb2O3 + O2 ⇒ 2Tb4O7, in
which terbium is in a mixed state of both Tb3+ to Tb4+. They state a
similar mechanism can partially oxidise Dy3+ to Dy4+ and be responsible
for the colour change in DyScO3. However, dysprosium does not exist in
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the tetravalent oxidation state under normal conditions. A search through
literature and databases gives only one reported case of dysprosium being
in the tetravalent oxidation state [54, 55]. Here the double salt Cs3DyF6
is subjected to fluorine gas at high pressure and high temperature up to
18 hours to form Cs3DyF7, whereby Dy3+ is oxidised to Dy4+. But these
harsh conditions are not present when heating DyScO3 to about 600 ◦C in
a oxygen atmosphere and the formation of Dy4+ will not occur. The colour
change mechanism reported for TbScO3 can not be extended to DyScO3.
Further evidence that the explanation of Uecker et al is incorrect comes
from the substrate preparation procedure. As part of the substrate prepara-
tion the crystals are annealed in pure oxygen for 24 hours at 1000 ◦C, yielding
the yellow crystals shown in figure 4.3 left. However during the subsequent
heating just before deposition (40 mbar oxygen, ￿1 hour, 600 ◦C), which is
mild compared to the preceding anneal step, the substrates do change to a
more dark coloured substrate even though no oxidation of Dy3+ to Dy4+ is
expected during the mild heating procedure after the annealing step in more
harsh conditions.
Figure 4.3: DyScO3 substrates, before (left) and after heating (right). The colour
of the substrates changes under the relatively mild heating conditions from yellow
to brown.
4.3 Structural changes upon heating DyScO3
At elevated temperatures the rotation of the oxygen octahedra and displaced
cations will become smaller and change towards the ideal cubic perovskite
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structure. Estimations were done to see how this change in structure upon
heating would eﬀect the calculated CTR’s of the surface of bare DyScO3(110).
Though it is common for other DyScO3-type crystals to transform at elevated
temperatures from orthorhombic to tetragonal or cubic symmetries [56–59],
DyScO3 has no known phase transitions in between room and decomposition
temperature [60].
No crystal structure of DyScO3 is known for elevated temperatures, but
from the thermal expansion coeﬃcients [61] changes in atom positions can
be estimated using :
θ = arccos
a
b
,
φ = arccos
√
2a
c
, (4.1)
Φ = arccos
√
2a2
bc
.
25 ◦C 520 ◦C diﬀerence
cell parameters (A˚)
a 5.4494 5.476
b 5.7263 5.741
c 7.9132 7.940
tilt angle (eq. 4.1)
θabc 17.89 ◦ 17.48 ◦ 0.41 ◦
φabc 13.12 ◦ 12.75 ◦ 0.37 ◦
Φabc 22.06 ◦ 21.51 ◦ 0.54 ◦
tilt angle (eq. 4.2)
θxyz 19.55 ◦ 19.13 ◦
φxyz 12.55 ◦ 12.18 ◦
Φxyz 23.10 ◦ 22.55 ◦
Table 4.2: Cell parameters of DyScO3 at room temperature and at 520 ◦C. The
tilt angles of the oxygen octahedra are calculated using a macroscopical eq.(4.1)
and a microscopical approximation eq.(4.2). The changes in angle calculated with
the macroscopical approximation are assumed to be the same for the microscopical
approximation (bold numbers).
From the room temperature [28] and the high temperature cell parameters
[61], the tilt angles of the oxygen octahedra at both temperatures can be
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calculated with the assumption that all octahedra are regular, the changes
in tilt angles are small and the order of the tiltings are independent and can
be ignored [62]. The results are listed in table 4.2, tilt angles eq. 4.1.
Alternatively the tilting of the octahedra can be derived from the dis-
placement of the atoms with respect to the ideal perovskite structure [63].
This again assumes small changes in tilt angles and ignores the order of the
tilts, but allows for the deformation of the oxygen octahedra :
θ = arctan
4
￿
u2O1 + v
2
O1
c
,
= arctan
4
√
2wO2√
a2 + b2
, (4.2)
φ = arctan
4
￿
u2O2 + v
2
O2√
a2 + b2
,
where u, v, w are the atomic displacement from their ideal position in x,
y and z. From the known atomic positions at room temperature, the tilt
angles using the microscopical approximation can be calculated.
The link between macroscopically derived tilt angles from the lattice pa-
rameters eq.(4.1) and the microscopically derived tilt angles, which includes
structural information on the positions of the atoms, eq.(4.2), can be seen
experimentally (i.e. Fig. 9, [61]). The amount of change is identical for
both derivations (except close to the phase boundary), however the macro-
scopically derived angles are underestimated due to the wrongly assumed
regularity of the oxygen octahedra.
Since no atomic positions are known for DyScO3 at elevated temperature,
the diﬀerence in rotation angle between room and elevated temperature are
calculated from eq.(4.1) and this diﬀerence is then used in eq.(4.2) to cal-
culate the atomic positions of the oxygen octahedra of DyScO3 at elevated
temperature. Assuming equal change in displacement for uO1 and vO1 and
for uO2 and vO2([63], fig. 7), the adjusted fractional coordinates at elevated
temperature are listed in table 4.3.
From these estimated coordinates, we can now calculate the diﬀerence
between the crystal truncation rod profile at room and high temperature
(Fig. 4.4). It is clear that the two profiles virtually overlap and the rota-
tions can be ignored during crystal refinement. This is caused by the small
change in rotations and the relatively weak scattering of the oxygen atoms in-
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25 ◦C 520 ◦C
x y z x y z
Dy 0.0172 0.9393 0.25 0.0172-uDy 0.9393+vDy 0.25
Sc 0 0.5 0 0 0.5 0
O1 0.8804 0.5550 0.2500 0.8827 0.5528 0.25
O2 0.6926 0.3040 0.9392 0.6943 0.3023 0.9406
Table 4.3: Fractional coordinates of DyScO3 at room temperature and elevated
temperature, corrected for the rotation of the oxygen octahedra.
volved. Other, more sophisticated descriptions [64, 65], taking, for example,
the tilt angles as mutually dependent and deformation of oxygen octahedra
into account yield similar results.
Until now the displacement of dysprosium (uDy and vDy, Tab. 4.3) was
not taken into account. Estimation of the displacement of dysprosium is more
diﬃcult, but not unimportant due to the relatively high atomic number of
dysprosium. If the dysprosium atom would be displaced towards the [1¯10]
direction by a comparable amount as the oxygen movements (about 2-3%
towards the ideal perovskite positions), the calculated CTR’s do change (Fig.
4.4, dashed line), but this is not applicable for the samples investigated.
4.4 (110)-surface of DyScO3
Since we study the (110)-surface of DyScO3, it is convenient to describe the
crystal in terms of a surface unit cell instead of the orthorhombic bulk unit
cell. The transformation to a pseudo-cubic (110) surface unit cell is given by
:
￿a(110) = −￿aor +￿bor
￿b(110) = ￿cor (4.3)
￿c(110) = ￿aor +￿bor
The pseudo-cubic (110) unit cell parameters are given by :
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Figure 4.4: CTR calculations for diﬀerent structural corrections due to temper-
ature change. Room temperature CTR’s (solid line) overlap exactly with high
temperature CTR’s when only the change in oxygen octahedra tilting is taken
into account. Also shown is the much larger eﬀect when dysprosium is shifted
a similar amount (2-3%) towards the perfect perovskite positions (dashed line).
Scandium terminated DyScO3(110) was used for calculations. Typical measured
structure factors are shown as well (dots with error bars).
|a(110)| =
￿
|aor|2 + |bor|2
|b(110)| = |cor| (4.4)
|c(110)| =
￿
|aor|2 + |bor|2
α = 90◦
β = arccos −|aor|
2+|bor|2
|a(110)||c(110)| (4.5)
γ = 90
This yields a110=7.9048A˚, b110=7.9132A˚, c110=7.9048A˚, α=90◦, β=87.16◦and
γ=90◦ and a cell volume of 494.46 A˚3, a doubling in volume compared to the
original orthorhombic cell.
Using these relations, the fractional coordinates of the orthorhombic cell
(ICSD-99545 [28], Tab. 4.1) can be transformed in those of the pseudo cubic
surface cell and are given in table 4.4.
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When calculating the CTR’s using the fractional coordinates from table
4.1 there will be systematic absences of the Bragg peaks. Most of the absent
Bragg peaks are due to doubling of the unit cell (general), some due to the
Pbnm space group (extra). The extinction conditions for the DyScO3(110)
surface are :
general : hkl h+ l = 2n+ 1
extra : hkh h = 2n+ 1
h¯kh h+ k = 2n+ 1
4.5 Perovskite layered structure
Perovskite oxide crystals with the formula ABO3 are built up from alternating
layers of AO or BO2. In the case DyScO3(110) the crystal consists thus of
alternating layers of DyO and ScO2, as can be seen in figure 4.5.
!"#$
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Figure 4.5: Side view of DyScO3(110), dysprosium in dark grey, scandium in light
grey and oxygen in black. Visible is the typical alternating layered structure of
perovskites. Here DyO layers alternate with ScO2 layers.
Due to this layered structure perovskite oxides have two possible ter-
minations, namely in a AO or BO2 layer. Depending on the preparation
procedure of the perovskite crystal, a specific termination can be obtained.
Typically these preparation methods combine chemical etching and anneal-
ing, e.g. HF etching followed by annealing at 950 ◦C for TiO2 terminated
surface of SrTiO3 [66, 67], plasma etching for SrO terminated SrTiO3 [68] or
HCl etching followed by annealing at 1100 ◦C for AlO2 terminated LaAlO3
[69].
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Element x y z
O 0.2177 0.2500 0.0000
O 0.9983 0.9392 -0.0316
O 0.9983 0.5608 -0.0316
O 0.6627 0.7500 -0.0550
Sc 0.7500 0.0000 -0.0873
Sc 0.2500 0.0000 -0.0873
Sc 0.2500 0.5000 -0.0873
Sc 0.7500 0.5000 -0.0873
O 0.8373 0.2500 -0.1196
O 0.5017 0.0608 -0.1430
O 0.5017 0.4392 -0.1430
O 0.2823 0.7500 -0.1746
Dy 0.0217 0.7500 -0.2984
Dy 0.5389 0.7500 -0.3156
O 0.1943 0.0608 -0.3356
O 0.1943 0.4392 -0.3356
O 0.8057 0.9392 -0.3390
O 0.8057 0.5608 -0.3390
Dy 0.4610 0.2500 -0.3590
Dy 0.9782 0.2500 -0.3762
O 0.7177 0.2500 -0.5000
O 0.4983 0.9392 -0.5316
O 0.4983 0.5608 -0.5316
O 0.1627 0.7500 -0.5550
Sc 0.2500 0.0000 -0.5873
Sc 0.2500 0.5000 -0.5873
Sc 0.7500 0.0000 -0.5873
Sc 0.7500 0.5000 -0.5873
O 0.3373 0.2500 -0.6196
O 0.0017 0.0608 -0.6430
O 0.0017 0.4392 -0.6430
O 0.7823 0.7500 -0.6746
Dy 0.5218 0.7500 -0.7984
Dy 0.0389 0.7500 -0.8156
O 0.6943 0.0608 -0.8356
O 0.6943 0.4392 -0.8356
O 0.3057 0.9392 -0.8390
O 0.3057 0.5608 -0.8390
Dy 0.9611 0.2500 -0.8590
Dy 0.4783 0.2500 -0.8762
Table 4.4: Fractional coordinates in terms of the DyScO3(110) pseudo cubic surface
unit cell, ScO2-terminated.
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4.5.1 Surface domain formation
The DyScO3(110) surface has two mirror planes in the unit cell indicated by
dashed lines in figure 4.6. The simplest surface structure models follow this
symmetry but, as will be shown, preserving this mirror symmetry does not
yield a satisfactory fit to the experimental data. When atom displacements
are allowed to break this mirror symmetry, two equivalent positions become
available, as illustrated in figure 4.6. This results in the formation of diﬀerent
surface domains, one for each choice of displacement. In the models presented
in this chapter, if applicable, it is assumed that the domains formed are
equally probable and the average structure factor is calculated by adding
their contributions incoherently.
!
"
Figure 4.6: Top view of DyScO3(110) surface. Dysprosium (grey), scandium
(white) and oxygen (black). Movement of the dysprosium atoms oﬀ the mirror
plane (dashed line) can result in the formation of domains, the diﬀerent domains
indicated by dashed and solid arrows. Dysprosium atoms and oxygens partly con-
cealed by scandium are located in approximately the same plane, scandium and
other oxygen atoms are located in the subsequent plane a ¼ unit cell up.
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4.6 Experiment
The data measured on the bare DyScO3(110) substrate was obtained in three
diﬀerent experiments, on two ESRF beamlines (ID32 and BM26), measured
using two setups, with similar experimental conditions.
To prepare the sample, substrates were cleaned with acetone and dried
with compressed air. The measurements were performed at typical deposition
conditions with a substrate temperature of 530 or 650 ◦C and at low pressure
oxygen (40 mbar).
The data of the diﬀerent experiments were merged by adjusting their scale
factor to minimise the relative diﬀerence in structure factor. The complete
data set consists of 8 CTRs , totalling 339 nonequivalent structure factors,
plus 116 equivalent data points (plane group pm), with an average agreement
factor of 0.065 using the AVE program (see Fig. 4.8).
Though data from the non-specular rods of the diﬀerent experiments
agrees well with one another, the specular rod measurements vary per batch.
No fractional order rods were found, but very low intensity Bragg peaks were
measured for the twin positions indicating a minimal amount of twinning in
the single crystal. For all structure factor amplitude calculations the ROD
program [70] is used.
4.7 Bulk-like DyScO3(110) surface models
In this section, a short description of the AFM measurements will be given
and bulk-like models for DyScO3(110) presented and compared to the mea-
sured data. Finding a model describing the experimental data well proved
to be challenging, therefore various unsuccessful models and ideas will be
presented first, before arriving at the final model. The conclusion is that
the high temperature surface structure of DyScO3(110) can not be described
with any of these type of models, thus in the following section more complex
models will be discussed.
4.7.1 AFM measurements
When trying to resolve the surface structure of the DyScO3(110) surface,
it is first useful to look at the AFM data of an annealed DyScO3 surface
(Fig. 4.7, Left). The surface consists of straight, flat, equidistant terraces
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with an average step height of about 4.0 A˚, corresponding to half a unit cell
height of DyScO3(110) (Fig. 4.7, Right). This step height, together with the
clean terrace morphology, indicates a single terminated surface, either DyO
or ScO2.
However, as has been shown by Kleibeuker et al [71], a AFM image
indicating a single terminated surface is not conclusive evidence for this.
These authors showed that a specific surface which from an AFM perspective
looks single terminated was in reality mixed terminated. It will be shown
that this is also the case here.
!"#$
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Figure 4.7: Left: AFM image of an annealed DyScO3(110) surface with straight,
flat, equidistant terraces. The step height between each terrace is about 4A˚ (image
size 5x5µm). Right: Side view of DyScO3(110) unit cell, where half a unit cell
parameter corresponds to about 4 A˚, indicating that AFM shows a single (either
DyO or ScO2) terminated surface. Dysprosium (green), scandium (yellow) and
oxygen (red).
4.7.2 Bulk termination models
Single termination
Comparing the structure factors of the measured data to a bulk, single ter-
minated room temperature DyScO3(110) surface (Tab. 4.4), the fit has de-
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Figure 4.8: Measured data points (squares) and calculated CTR’s (solid line) for
a bulk terminated DyScO3(110) surface, either ScO2 or DyO terminated. The
deviations of the model from the measured data indicate that the surface is not a
simple single terminated DyScO3 surface (χ2n ≈14.5). On the horizontal axis the
diﬀraction index l is plotted, on the vertical axis structure factor amplitudes.
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viations between data and this bulk terminated model that scan be noticed
(Fig. 4.8):
• At L=2 of the (-2 -1)-rod, the Bragg peak is absent in the model (sys-
tematic absence, sect. 4.4), but an increase of intensity is measured.
• While the calculated structure factors of the (1 2)-rod are virtually zero
at low L values, only to rise sharply around L=2, the measurements
show a fairly constant, non-zero structure factor for L values until L=2.
• Since the structure factors of the (1 1)-rod are very low, comparison
between the model and the data is hardly useful. The (1 1)-rod is
omitted in the fitting procedure, but for completeness calculated and
plotted afterwards.
• The measured structure factors of the (0 1)-rod from L=0 to L=1
show a steady decrease, while the model gives a constantly increasing
structure factor towards L=2.
The above mentioned deviations indicate that the high temperature DyScO3
(110) surface is not a simple single terminated surface. The same fit is ob-
tained for a DyO single terminated DyScO3(110) surface without relaxations.
Mixed termination
Through careful sample preparation a single terminated surface can be ob-
tained [66], otherwise a mixed terminated surface will occur [71]. In the case
of DyScO3(110) this mixed terminated surface is a mixture of ScO2 and DyO
surfaces with a step height of a quarter unit cell (∼ 2 A˚). A calculated rod
profile of a mixed terminated DyScO3(110) surface is given in figure 4.9. The
occasional sharp decrease in structure factor in between the Bragg peaks in
the simulated rod is not observed in the data. A mixed terminated crystal
with terraces of both ScO2 and DyO does not describe the data well.
4.7.3 Surface roughness
Though AFM measurements show flat smooth terraces (Fig. 4.7, Left), it
could still be that the surface is slightly roughened (atomically), due to the
limited lateral sensitivity of the AFM.
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The surface roughness can be modelled using the simple ”approximate
beta” model [70], derived from the so-called β model [72], in which each
surface level n has an occupancy βn. Here the number of layers within an unit
cell (Nlayers) has to be defined. For the DyScO3(110) unit cell, if Nlayers=2
the step between surface levels is half a unit cell, preserving termination. If
Nlayers=4, then each surface level is either a ScO2 or DyO layer.
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Figure 4.9: Left: Measured data points (squares) and calculated (4 2)-rod for a sin-
gle terminated surface (solid line) and a 50/50 mixed terminated surface (dashed
line). The drops in structure factor around L=3.5 and L=5.5 for the mixed termi-
nation model are not observed in the data, therefore a single terminated surface
seems more favourable. Right, Measured data points (squares) and calculated
(-2 0)-rod for a bulk ScO2 terminated DyScO3(110) surface without roughness
(solid line), approximate beta (β=0.30) with 2 layers in the unit cell (dashed line),
preserving termination.
The general trend of surface roughness as compared to a smooth surface
is the decrease in signal in between the Bragg Peaks (Fig. 4.9). But even
for a reasonable roughness (dashed line, β=0.30), the change in calculated
CTR’s is not dramatic. For a bulk terminated DyScO3(110), the surface is
not so sensitive to roughness or at least little conclusions can be made about
the roughness of the surface using this model. In later modelling the surface
roughness is presumed zero and if needed, refined in the end stages of the
modelling process.
Other roughness models (e.g. Poisson, beta or Gaussian) yield similar
results and are independent of termination.1
1For the numerical models only Nlayers=2 is used, for these models assume that all
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4.8 Unsuccessful models
Because a bulk model, mixed terminated and/or roughness does not fit the
data, a diﬀerent model needs to be found. Literature on similar systems
yields several options, which will be briefly listed in this section. None of
these models fitted all the data well enough and are all discarded.
4.8.1 Ruddlesden-Popper phase
Abundant in perovskite materials is the so called ’Ruddlesden-Popper phase’.
A Ruddlesden-Popper phase is a stacking fault where, instead of the normally
alternating DyO and ScO2 layers, a double DyO layer occurs. The general
-DyO-ScO2-DyO-ScO2- layer sequence, alters in a Ruddlesden-Popper phase
to -DyO-ScO2-DyO-DyO-ScO2-DyO-. Here, the second DyO layer is trans-
lated (¼ ¼) with respect to the underlying DyO layer. Though this kind of
stacking fault is not known to occur in bulk DyScO3, it could be present on
the surface. The Ruddlesden-Popper phase model consists of a DyO termi-
nated DyScO3(110) surface with a extra DyO layer on top and the atoms
of the topmost layer are allowed to move freely across the lateral plane and
in height (up to 20% of the unit cell parameter), without symmetry restric-
tions. The resulting fit is poor and does not match the data on several
key points (χ2n ≈9.7), like around Bragg reflections -2 -1 2, 1 2 1 and the
specular and even the (-4 -2)-rod and (0 2)-rod do not match the data well.
The dysprosium atoms tend do deviate from their anticipated Ruddlesden-
Popper position. Therefore the Ruddlesden-Popper phase model is discarded
as candidate for the surface structure for high temperature DyScO3(110).
4.8.2 Ruddlesden-Popper phase on top of partial layer
model
On a partially occupied DyO layer which is on top of a ScO2 terminated
substrate, an extra DyO layer is placed where again the second DyO layer
is translated (¼ ¼) with respect to the underlying DyO layer creating a
Ruddlesden-Popper phase. The occupancy of the second DyO layer is re-
stricted by the occupancy of the underlying DyO layer. Atoms in both DyO
layers are able to move freely.
surface levels have an identical termination.
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4.8.3 ScO2 double layer
A variation on the above mentioned Ruddlesden-Popper phase is a stacking
fault of a double ScO2 layer, instead of a double DyO layer.
The ScO2 double layer model consists of a ScO2 terminated DyScO3(110)
surface with a extra ScO2 layer on top, which is translated (¼ ¼) with respect
to the underlying ScO2 layer. The atoms of the topmost layer are allowed to
move freely across the lateral plane and in height (up to 20% of the unit cell
parameter), without symmetry restrictions. Though the resulting fit is lower
in χ2 (χ2n ≈6.6), this is only accomplished when atomic positions deviate so
much from their anticipated positions that the fit does not remain physically
meaningful.
4.8.4 Oxygen overlayer
On top of a ScO2 terminated DyScO3(110) surface an oxygen layer is placed
similar to the model proposed by Vonk et al [73]. This model was also ap-
plied to a DyO terminated DyScO3(110) surface and the Ruddlesden-Popper
model described above.
4.8.5 Reversed partial layer model
Identical to the the partial layer model as described on section 4.9.1, but with
an partial ScO2 layer on top of a DyO terminated DyScO3(110) surface, thus
a reversed termination model. The occupancy of the partial ScO2 layer, as
well as the atoms within this layer where able to move around freely.
4.8.6 Aurivillius phase
On top of a ScO2 terminated DyScO3(110) surface a DyO layer placed which
is translated (¼ ¼) with respect to the possible bulk DyO positions of this
layer. The occupancy of the DyO layer, as well as the atoms within this
layer where able to move around freely.
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4.9 Multi layer surface model DyScO3(110)
In this section a simple multi layer surface model for the structure of DyScO3(110)
will be presented. First a model for the non-specular rods will be developed
(4.9.1) and separately a model for the specular rod (4.9.2). The two mod-
els are merged into one, yielding a relatively simple model for the surface
structure of DyScO3(110).
4.9.1 Partial layer model
Inspired by the AFM data and growth studies of Kleibeuker et al [71] showing
a mixed terminated crystal surface, an extension can be made of the mixed
termination model discussed above (Sec. 4.7.2), where on top of a bulk single
terminated crystal a partially occupied layer of the opposite termination is
placed. In addition to just placing a partially occupied bulk like layer, the
atoms in this partially occupied layer are allowed to move freely.
On top of a SrO2-terminated DyScO3(110) surface a partial DyO layer is
placed where the occupancy and the position of the atoms within this DyO
layer are allowed to vary freely. In the resulting fit (Fig. 4.10), the DyO layer
has an occupancy of about 30-40 percent with the dysprosium atoms dis-
placed from their bulk positions. Although the atoms were initially allowed
to move freely, in the final fit the dysprosium atoms are restricted in their
movement and symmetry related to one another. The in-plane movements (x
and y) of the dysprosium atoms are coupled and in the out of plane direction
(z), the dysprosium atoms remain at bulk position. This restriction greatly
reduces the amount of variables in the fit, without aﬀecting the goodness of
the fit significantly. The displacements of the dysprosium atoms (about 5%
of the unit cell) are in the [110] and the [11¯0] direction (in the DyScO3(110)
surface settings), which corresponds to the main crystallographic [100] and
[010] directions of the bulk unit cell settings (Fig. 4.11).
One fit parameter was refined for the combined lateral movement in the
x and y direction and a second parameter for the height movement (z) of the
dysprosium atoms. The height movement of the dysprosium atoms remained
very small throughout the simulation and is fixed to bulk position in the final
fit. Due to the large scattering factor of dysprosium compared to oxygen,
the positions of the oxygen atoms are not refined.
Extending the relaxation to the bulk ScO2 layer directly under the par-
tially occupied DyO layer, does not improve the fit.
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Figure 4.10: Measured data points (squares) and calculated CTR’s (solid line) for
a bulk SrO2 terminated DyScO3(110) surface partially covered with a DyO layer.
Calculated CTR’s for bulk terminated DyScO3 (dashed) is added for comparison.
The dysprosium atoms are displaced such that the mirror symmetry of the bulk
structure is broken (χ2n ≈5.9). On the horizontal axis the diﬀraction index l is
plotted, on the vertical axis structure factor amplitudes.
53
4 Surface structure annealed DyScO3(110)
[100]
[010]
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(110)-surface
setting
[010]
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[110]
Figure 4.11: Top view of DyScO3(110) surface. Dysprosium (dark grey), scan-
dium (light grey) and oxygen (black). Displacements of the dysprosium atoms
are indicated by arrows. The movements of the dysprosium atoms are along the
bulk crystallographic [100] and [010] directions. Scandium and oxygen atoms are
located in approximately the same plane and dysprosium atoms in the subsequent
plane ¼ unit cell down. The oxygen atoms of the dysprosium layer are the ones
partially masked by the scandium atoms.
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Though the fit of the non-specular rods is not perfect, several key features
are fitted nicely using this simple model. For example, the increased intensity
around L=2 in the (-2 1)-rod is present in the model, as is the the constant
structure factor before L=3 in the (1 2)-rod. On either side of the 0 2 4
and -2 0 4 Bragg reflections improvements on the fit can still be made. The
non-specular rod can be fitted reasonably well with only two parameters, but
at this stage the specular rod does not match the data well.
4.9.2 Specular
A separate model for the high temperature surface of DyScO3(110) will be
developed for the specular rod. The specular rod is only sensitive for atomic
positions perpendicular to the surface and not for lateral displacements. On
the other hand, layers not clearly visible in the non-specular rods due to
disorder in the lateral direction can still contribute to the specular rod.
Single Layer Model
As mentioned in section 4.9.1, the specular rod does not match with the
proposed partial layer model. In the measurements a distinct drop of the
structure factor amplitude in the specular rod is seen at about L=0.80 in
most samples, but occasionally a ”double dip” profile of the specular rod is
observed2 (black circles and open squares, Fig. 4.12).
This profile is distinctly diﬀerent for the calculated specular profiles for
the single terminated (4.7.2) or partially occupied DyO island model (4.9.1).
When creating a model consisting of a bulk terminated surface with only
one additional (partially occupied) layer, the distinct single drop of the struc-
ture factor amplitude can be modelled by varying the surface termination in
combination with the occupancy of the added top layer and/or displacement
of atoms in this top layer in the direction perpendicular to the surface. (lat-
eral movements are not visible in the specular rod).
The physically most plausible model to simulate the single distinct drop
in intensity around L=0.80 with only one (partially occupied) layer on top
of a bulk terminated substrate is to have a ScO2-terminated substrate with a
2Small substrate crystals (5x5mm) are cut from a larger (10x10mm) DyScO3(110)
crystal before annealing and cleaning. These smaller crystals do have the same specular
scan indicating miscut could be an important aspect of diﬀerence in specular rods for
DyScO3 substrates.
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Figure 4.12: Specular rod of bare DyScO3. In most measurements a distinct drop
is seen at about L=0.80 (black dots), and occasionally a ”double dip” profile (open
squares). The models proposed in 4.7.2 and 4.9.1 correspond to the dashed and
solid line respectively, neither fitting the specular data well. On the horizontal axis
the diﬀraction index L is plotted, on the vertical axis structure factor amplitudes
(log scale).
partially occupied DyO layer on top which is displaced about 13% upwards
from its bulk position (with an occupancy of 0.60). Such a large displacement
is not likely. This assumption is reinforced when simulating the deposition of
SrTiO3 on this particular surface model. In order to fit the specular rod of a
single monolayer of SrTiO3 on this DyScO3(110) surface, the partially occu-
pied DyO layer together with the deposited SrO layer will have to compress
about 7% and the TiO2 layer about 1%. Going from a elongated surface
structure of the bare substrate to a compressed one when a single monolayer
is deposited is unlikely.
Thus creating a model of bulk terminated DyScO3(110) with one partially
occupied DyO layer with only small deviations in the c-direction will always
result in a fit of the specular rod with a minimum 1 < L < 2. This does
not agree with all the data measured and this type of model is therefore
discarded.
Four Layer Model
Since no model with just one ScO2 or DyO layer on top of a bulk terminated
surface can describe the specular data properly, a full unit cell (four layers)
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of DyScO3(110) on top of a bulk terminated surface is used next to model
the specular rod.
The model consists of a ScO2-terminated DyScO3(110) surface with on
top one unit cell of DyScO3(110), where the occupancy of these four layers
can be varied. The positions of the atoms in the four surface layers are taken
as bulk, so no refinement is done on the positions of atoms perpendicular
to the surface. Figure 4.13, left and middle, shows a typical good fit of the
four layer model with the data, together with the occupancies of the top four
layers. The occupancies of the top two layers are found to be close to one
another.
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Figure 4.13: Left: Schematic representation of bare DyScO3(110) surface using the
four layer model. The occupancy of the top four layers are refined. Black layers
represent DyO layers, dark grey ScO2 layers and the numbers indicate the fraction
occupied by each layer. Middle: Fit of the specular rod using the occupancies
given on the left. Right: Specular rod data (open circles and black squares) of two
bare DyScO3(110) surfaces showing two distinctly diﬀerent profiles. Both profiles
can be modelled (solid lines) by varying the occupancy of the layers about 10%.
Black dashed line is the bulk terminated model.
Further support for this four layer model comes from the occasionally
observed specular rod with two minima in intensity before the fist Bragg
peak (black squares, Fig. 4.13, right). This profile can also be modelled by
altering the occupancy of the four layers by only 10% (Fig. 4.13, right). The
fist DyO layer directly on the ScO2 bulk terminated surface has the most
influence on the specular rod profile. A diﬀerence in occupancy in these top
four surface layers could be due to the miscut of the sample and/or sample
preparations.
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Additional support for this four layer model is provided by data after
deposition of SrTiO3 on DyScO3(110); see next chapter.
A model with only half a unit cell of DyScO3, thus two instead of four
layer on a bulk terminated surface, is also modelled via this four layer model
(when the top two layers have a occupancy of zero), but could not reproduce
all the above mentioned results and is, like the one layer model, discarded.
4.9.3 Full Model
The two models proposed, one for the non-specular rods (4.9.1) and one
for the specular rod (4.9.2) can be combined to yield the final DyScO3(110)
surface model, which fits all the data as best as possible.The diﬀerence be-
tween the the specular and non-specular rods is that in the specular rod
also atoms without in-plane order are observed. The model for fitting the
specular rod therefore corresponds to a higher coverage than for the non-
specular rod model. Because the surface is of course the same, the way to
generate a consistent model is to allow for various degrees of lateral disorder
in the top layers of the surface. In the model the Debye-Waller parameters
are used for this, and here will correspond to static disorder. The resulting
fractional coordinates, Debye-Waller parameter and occupancy of each atom
in the surface layer is given in table 4.5
Only the dysprosium atoms of the bottom DyO layer deviate from their
bulk position (bold in Tab. 4.5), all other atoms remain on their bulk posi-
tion. The displacement of the dysprosium atoms could aﬀect the positions
of the oxygens within its own layer, but as previously mentioned (Sec. 4.9.1)
due to the large scattering factor of dysprosium compared to oxygen, no clear
conclusions can be drawn about this. The same is true for the subsequent
ScO2 layer. Therefore, the positions of the remaining atoms are assumed to
be in bulk positions.
The occupancy of the first DyO layer, directly on the ScO2 bulk layer
in the ”partial layer” model is estimated at about 30%, whereas this occu-
pancy is about 90% in the ”four layer” model. To merge the two models, the
in-plane Debye-Waller parameter (DW￿) of the dysprosium (and oxygen)
atoms is increased whereby the occupancy can also be increased without
much change to the fit. When the in-plane Debye-Waller parameter is in-
creased to ￿ 50 A˚2, it matches the desired occupancy of about 90 %. This
in-plane Debye-Waller parameter is considerably larger then the bulk values
(1.00 for oxygen, 0.35 for dysprosium), indicating that this layer has disor-
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der parallel to the surface plane. The out of plane Debye-Waller parameter
(DW⊥) remains bulk like however.
The displacement of the dysprosium atoms of the bottom layer away from
their bulk position combined with the larger Debye-Waller parameter, might
be modelled as well as an anisotropic in-plane Debye-Waller parameter. An
imaginary line can be drawn between the bulk-like position and the deviated
position of the dysprosium atoms (arrows, Fig. 4.11). The dysprosium atom
placed on this line would have a larger Debye-Waller parameter in the di-
rection of the line and a bulk Debye-Waller parameter perpendicular to the
line. (In ROD this is modelled by creating multiple dysprosium atoms along
the described line, with an occupancies totalling up to the number given in
table 4.5). This anisotropic in-plane Debye-Waller parameter however does
not lead to a better result.
The in-plane Debye-Waller parameter of the subsequent ScO2 layer (Occ.
= 0.64), which lies on top of the above described DyO layer, are again larger
(a factor 100 compared to the bulk values) indicating in-plane disorder within
this layer. This is not entirely unexpected as the underlying layer is disor-
dered as well. The out-of-plane Debye-Waller parameters however remain
bulk like, showing that the layer remains ordered perpendicular to the sur-
face.
The subsequent DyO and ScO2 layer (Occ. = 0.38) have also large in-
plane Debye-Waller parameters, but larger out-of-plane Debye-Waller pa-
rameters as well. Due to the disorder of the underlying layers, the elevated
temperature (￿600 ◦C) and/or surface treatment this can be expected.
The resulting fit of the CTR’s for this combined model is given in figure
4.14. Though the fit is not a perfect match with the measured data, the key
features are modelled fairly well within this simple model. The increase in
structure factor amplitude around L=2 of the (-2 1)-rod, the structure factor
amplitude below L=2 of the (1 2)-rod, and the characteristic shape of the
specular rod.
When looking at the exposed DyO and ScO2 surface of the combined
model, 28% is DyO, while the remaining 72% is ScO2. The exposed DyO
content for diﬀerent samples, including ones with the specular rod with two
minima, is always around 30-40%. This is in good agreement with Kleibeuker
et al [71] from where a ￿32% DyO exposed surface is observed indirectly.
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Element x y z DW￿ (A˚2) DW⊥ (A˚2) Occ
O 0.21770 0.25000 1.00000 101.00 9.00 0.38
O 0.99830 0.93920 0.96840 101.00 9.00 0.38
O 0.99830 0.56080 0.96840 101.00 9.00 0.38
O 0.66270 0.75000 0.94500 101.00 9.00 0.38
Sc 0.75000 0.00000 0.91270 70.00 9.70 0.38
Sc 0.25000 0.00000 0.91270 70.00 9.70 0.38
Sc 0.25000 0.50000 0.91270 70.00 9.70 0.38
Sc 0.75000 0.50000 0.91270 70.00 9.70 0.38
O 0.83730 0.25000 0.88040 101.00 9.00 0.38
O 0.50170 0.06080 0.85700 101.00 9.00 0.38
O 0.50170 0.43920 0.85700 101.00 9.00 0.38
O 0.28230 0.75000 0.82540 101.00 9.00 0.38
Dy 0.02170 0.75000 0.70160 120.00 9.35 0.38
Dy 0.53890 0.75000 0.68440 120.00 9.35 0.38
O 0.19430 0.06080 0.66440 101.00 9.00 0.38
O 0.19430 0.43920 0.66440 101.00 9.00 0.38
O 0.80570 0.93920 0.66100 101.00 9.00 0.38
O 0.80570 0.56080 0.66100 101.00 9.00 0.38
Dy 0.46110 0.25000 0.64100 120.00 9.35 0.38
Dy 0.97830 0.25000 0.62380 120.00 9.35 0.38
O 0.71770 0.25000 0.50000 101.00 1.00 0.64
O 0.49830 0.93920 0.46840 101.00 1.00 0.64
O 0.49830 0.56080 0.46840 101.00 1.00 0.64
O 0.16270 0.75000 0.44500 101.00 1.00 0.64
Sc 0.25000 0.00000 0.41270 70.00 0.70 0.64
Sc 0.25000 0.50000 0.41270 70.00 0.70 0.64
Sc 0.75000 0.00000 0.41270 70.00 0.70 0.64
Sc 0.75000 0.50000 0.41270 70.00 0.70 0.64
O 0.33730 0.25000 0.38040 101.00 1.00 0.64
O 0.00170 0.06080 0.35700 101.00 1.00 0.64
O 0.00170 0.43920 0.35700 101.00 1.00 0.64
O 0.78230 0.75000 0.32540 101.00 1.00 0.64
Dy 0.58040 0.69140 0.20160 52.60 0.35 0.92
Dy 0.98030 0.69140 0.18440 52.60 0.35 0.92
O 0.69430 0.06080 0.16440 52.60 1.00 0.92
O 0.69430 0.43920 0.16440 52.60 1.00 0.92
O 0.30570 0.93920 0.16100 52.60 1.00 0.92
O 0.30570 0.56080 0.16100 52.60 1.00 0.92
Dy 0.90250 0.19140 0.14100 52.60 0.35 0.92
Dy 0.53690 0.19140 0.12370 52.60 0.35 0.92
Table 4.5: Element type, Fractional coordinates (x,y,z), Debye-Waller parameters
(DW￿ in-plane, DW⊥ out-of-plane Debye-Waller parameter) and occupancy (Occ)
for each surface atom of the final model. Fractional coordinates in bold deviate
from the bulk position. This surface model is used in combination with the bulk
fractional coordinates of table 4.4. 60
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Figure 4.14: Fit of selected rods for the the combined model. Dots are the data
points with error bar, solid line is the fit and dashed line the bulk terminated
model for reference. Though not perfect, most features are modelled well with
this simple model. On the horizontal axis the diﬀraction index l, on the vertical
axis structure factor amplitudes.
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4.10 Conclusion
The complexity and surface disorder make it impossible to derive a model
that fits all the data perfectly. Instead, a simple model is constructed ex-
plaining most of the SXRD and AFM data (Sec. 4.9.3).
The model consists of a ScO2 single terminated surface with four par-
tially occupied surface layers (i.e. one full unit cell of DyScO3) on top. The
dysprosium atoms in the the first surface layer are displaced from their bulk
positions and an increase of the in-plane Debye-Waller parameters in the
surface layers is found. The model contains only one atomic displacement
(for the x and y movements of the dysprosiums atoms in the fist surface
layer), four occupancies, one for each of the four layers and the Debye-Waller
parameters for each atom kind within each layer.
With this simple model the SXRD can be fitted well and the mixed ter-
mination behaviour upon deposition seen by Kleibeuker et al [71] can be
explained. The reason why this mixed termination is not seen with AFM,
but instead a single terminated surface with ½ unit cell heigh steps, is not
yet clear. Perhaps the extra surface layers on top of the bulk terminated
substrate are present as very small islands, smaller then the lateral resolu-
tion of the AFM. With a new sample preparation method [71], now single
terminated substrates of DyScO3(110) can be obtained. It would be inter-
esting to see if such a surface would indeed yield the CTRs as give in figure
4.8. Additional support for the combined model is obtained by deposition of
SrTiO3 in the this surface and is presented in chapter 6.
References
[1] S. Karimoto and M. Naito. Electron-doped infinite-layer thin films with
TC over 40 K grown on DyScO3 substrates. Applied Physics Letters,
84(12):2136–2138, 2004.
[2] J. Schubert, O. Trithaveesak, A. Petraru, C. L. Jia, R. Uecker, P. Reiche,
and D. G. Schlom. Structural and optical properties of epitaxial BaTiO3
thin films grown on GdScO3(110). Applied Physics Letters, 82(20):3460–
3462, 2003.
[3] J. H. Haeni, P. Irvin, W. Chang, R. Uecker, P. Reiche, Y. L. Li,
S. Choudhury, W. Tian, M. E. Hawley, B. Craigo, A. K. Tagantsev,
62
4.10 Conclusion
X. Q. Pan, S. K. Streiﬀer, L. Q. Chen, S. W. Kirchoefer, J. Levy, and
D. G. Schlom. Room-temperature ferroelectricity in strained SrTiO3.
Nature, 430(7001):758–761, 08 2004.
[4] K. J. Choi, M. Biegalski, Y. L. Li, A. Sharan, J. Schubert, R. Uecker,
P. Reiche, Y. B. Chen, X. Q. Pan, V. Gopalan, L.-Q. Chen, D. G.
Schlom, and C. B. Eom. Enhancement of Ferroelectricity in Strained
BaTiO3 Thin Films. Science, 306(5698):1005–1009, 2004.
[5] M. D. Biegalski, Y. Jia, D. G. Schlom, S. Trolier-McKinstry, S. K. Streif-
fer, V. Sherman, R. Uecker, and P. Reiche. Relaxor ferroelectricity
in strained epitaxial SrTiO3 thin films on DyScO3 substrates. Applied
Physics Letters, 88(19):192907, 2006.
[6] A. Vasudevarao, A. Kumar, L. Tian, J. H. Haeni, Y. L. Li, C.-J. Eklund,
Q. X. Jia, R. Uecker, P. Reiche, K. M. Rabe, L. Q. Chen, D. G. Schlom,
and Venkatraman Gopalan. Multiferroic Domain Dynamics in Strained
Strontium Titanate. Physical Review Letters, 97(25):257602, 2006.
[7] Y.H. Chu, Q. Zhan, L.W. Martin, M.P. Cruz, P.L. Yang, G.W. Pabst,
F. Zavaliche, S.Y. Yang, J.X. Zhang, L.Q. Chen, D.G. Schlom, I.N. Lin,
T.B. Wu, and R. Ramesh. Nanoscale Domain Control in Multiferroic
BiFeO3 Thin Films. Advanced Materials, 18(17):2307–2311, 2006.
[8] P. Shafer, F. Zavaliche, Y.-H. Chu, P.-L. Yang, M. P. Cruz, and
R. Ramesh. Planar electrode piezoelectric force microscopy to study
electric polarization switching in BiFeO3. Applied Physics Letters,
90(20):202909, 2007.
[9] Y. L. Li, S. Y. Hu, Z. K. Liu, and L. Q. Chen. Eﬀect of substrate con-
straint on the stability and evolution of ferroelectric domain structures
in thin films. Acta Materialia, 50(2):395 – 411, 2002.
[10] Y. L. Li, S. Choudhury, Z. K. Liu, and L. Q. Chen. Eﬀect of external
mechanical constraints on the phase diagram of epitaxial PbZr1−xTixO3
thin films. Thermodynamic calculations and phase-field simulations. Ap-
plied Physics Letters, 83(8):1608–1610, 2003.
[11] Y. L. Li, S. Y. Hu, Z. K. Liu, and L. Q. Chen. Phase-field model of
domain structures in ferroelectric thin films. Applied Physics Letters,
78(24):3878–3880, 2001.
63
4 Surface structure annealed DyScO3(110)
[12] Q. Gan, R. A. Rao, C. B. Eom, J. L. Garrett, and Mark Lee. Direct
measurement of strain eﬀects on magnetic and electrical properties of
epitaxial SrRuO3 thin films. Applied Physics Letters, 72(8):978–980,
1998.
[13] S. K. Streiﬀer, J. A. Eastman, D. D. Fong, Carol Thompson,
A. Munkholm, M. V. Ramana Murty, O. Auciello, G. R. Bai, and G. B.
Stephenson. Observation of Nanoscale 180◦ Stripe Domains in Ferro-
electric PbTiO3 Thin Films. Phys. Rev. Lett., 89(6):067601, Jul 2002.
[14] I. Bozovic, G. Logvenov, I. Belca, B. Narimbetov, and I. Sveklo. Epitax-
ial Strain and Superconductivity in La2−xSrxCuO4 Thin Films. Phys.
Rev. Lett., 89(10):107001, Aug 2002.
[15] H. Sato and M. Naito. Increase in the superconducting transition tem-
perature by anisotropic strain eﬀect in (001) La1.85Sr0.15CuO4 thin films
on LaSrAlO4 substrates. Physica C: Superconductivity, 274(3-4):221 –
226, 1997.
[16] N. A. Pertsev and A. G. Zembilgotov. Domain populations in epitaxial
ferroelectric thin films: Theoretical calculations and comparison with
experiment. Journal of Applied Physics, 80(11):6401–6406, 1996.
[17] A. E. Romanov, W. Pompe, and J. S. Speck. Theory of microstructure
and mechanics of the ...a1/a2/a1/a2... domain pattern in epitaxial ferro-
electric and ferroelastic films. Journal of Applied Physics, 79(8):4037–
4049, 1996.
[18] C. M. Foster, W. Pompe, A. C. Daykin, and J. S. Speck. Relative co-
herency strain and phase transformation history in epitaxial ferroelectric
thin films. Journal of Applied Physics, 79(3):1405–1415, 1996.
[19] J. S. Speck and W. Pompe. Domain configurations due to multiple misfit
relaxation mechanisms in epitaxial ferroelectric thin films. I. Theory.
Journal of Applied Physics, 76(1):466–476, 1994.
[20] C. Kadlec, V. Skoromets, F. Kadlec, H. Neˇmec, J. Hlinka, J. Schubert,
G. Panaitov, and P. Kuzˇel. Temperature and electric field tuning of the
ferroelectric soft mode in a strained SrTiO3/DyScO3 heterostructure.
Phys. Rev. B, 80(17):174116, Nov 2009.
64
4.10 Conclusion
[21] M. D. Biegalski, E. Vlahos, G. Sheng, Y. L. Li, M. Bernhagen, P. Reiche,
R. Uecker, S. K. Streiﬀer, L. Q. Chen, V. Gopalan, D. G. Schlom, and
S. Trolier-McKinstry. Influence of anisotropic strain on the dielectric
and ferroelectric properties of SrTiO3 thin films on DyScO3 substrates.
Phys. Rev. B, 79(22):224117, Jun 2009.
[22] Z Y Zhai, X S Wu, H L Cai, X M Lu, J H Hao, Ju Gao, W S Tan,
Q J Jia, H H Wang, and Y Z Wang. Dislocation density and strain
distribution in SrTiO3 film grown on (110) DyScO3 substrate. Journal
of Physics D: Applied Physics, 42(10):105307 (6pp), 2009.
[23] N. A. Pertsev, A. K. Tagantsev, and N. Setter. Phase transitions and
strain-induced ferroelectricity in SrTiO3 epitaxial thin films. Phys. Rev.
B, 61(2):R825–R829, Jan 2000.
[24] Y. L. Li, S. Choudhury, J. H. Haeni, M. D. Biegalski, A. Vasude-
varao, A. Sharan, H. Z. Ma, J. Levy, Venkatraman Gopalan, S. Trolier-
McKinstry, D. G. Schlom, Q. X. Jia, and L. Q. Chen. Phase transitions
and domain structures in strained pseudocubic (100) SrTiO3 thin films.
Phys. Rev. B, 73(18):184112, May 2006.
[25] D. G. Schlom, L. Q. Chen, C. B. Eom, K. M. Rabe, S. K. Streiﬀer,
and J. M. Triscone. Strain Tuning of Ferroelectric Thin Films. Annual
Review of Materials Research, 37(1):589–626, 2007.
[26] A. Soukiassian, W. Tian, V. Vaithyanathan, J. H. Haeni, L. Q. Chen,
X. X. Xi, D. G. Schlom, D. A. Tenne, H. P. Sun, X. Q. Pan, K. J. Choi,
C. B. Eom, Y. L. Li, Q. X. Jia, C. Constantin, R. M. Feenstra, M. Bern-
hagen, P. Reiche, and R. Uecker. Growth of Nanoscale BaTiO3/SrTiO3
Superlattices by Molecular-Beam Epitaxy. J. Mater. Res., 23:1417–1432,
2008.
[27] M. D. Biegalski, D. D. Fong, J. A. Eastman, P. H. Fuoss, S. K. Streif-
fer, T. Heeg, J. Schubert, W. Tian, C. T. Nelson, X. Q. Pan, M. E.
Hawley, M. Bernhagen, P. Reiche, R. Uecker, S. Trolier-McKinstry,
and D. G. Schlom. Critical thickness of high structural quality SrTiO3
films grown on orthorhombic (101) DyScO3. Journal of Applied Physics,
104(11):114109, 2008.
65
4 Surface structure annealed DyScO3(110)
[28] R. P. Liferovich and R. H. Mitchell. A structural study of ternary lan-
thanide orthoscandate perovskites. Journal of Solid State Chemistry,
177(6):2188 – 2197, 2004.
[29] H.-M. Christen, L. A. Boatner, J. D. Budai, M. F. Chisholm, L. A. Gea,
D. P. Norton, Christoph Gerber, and Michael Urbanik. Semiconduct-
ing epitaxial films of metastable SrRu0.5Sn0.5O3 grown by pulsed laser
deposition. Applied Physics Letters, 70(16):2147–2149, 1997.
[30] K.J. Hubbard and D.G. Schlom. Thermodynamic stability of binary
oxides in contact with silicon. Journal of Materials Research, 11:2757–
2776, 1996.
[31] K. L. Ovanesyan, A. G. Petrosyan, G. O. Shirinyan, C. Pedrini, and
L. Zhang. Single crystal growth and characterization of LaLuO3. Optical
Materials, 10(4):291 – 295, 1998.
[32] W. Chang, S. W. Kirchoefer, J. A. Bellotti, S. B. Qadri, J. M. Pond, J. H.
Haeni, and D. G. Schlom. In-plane anisotropy in the microwave dielectric
properties of SrTiO3 films. Journal of Applied Physics, 98(2):024107,
2005.
[33] P. Irvin, J. Levy, J. H. Haeni, and D. G. Schlom. Localized mi-
crowave resonances in strained SrTiO3 thin films. Applied Physics Let-
ters, 88(4):042902, 2006.
[34] W. Chang, J. Bellotti, S. Kirchoefer, and J. Pond. Strain tensor eﬀects
on SrTiO3 incipient ferroelectric phase transition. Journal of Electroce-
ramics, 17(2):487–494, 12 2006.
[35] R. Wordenweber, E. Hollmann, R. Kutzner, and J. Schubert. Induced
ferroelectricity in strained epitaxial SrTiO3 films on various substrates.
Journal of Applied Physics, 102(4):044119, 2007.
[36] P. Kuzel, F. Kadlec, J. Petzelt, J. Schubert, and G. Panaitov. Highly
tunable SrTiO3/DyScO3 heterostructures for applications in the tera-
hertz range. Applied Physics Letters, 91(23):232911, 2007.
[37] H. Ma, J. Levy, M. D. Biegalski, S. Trolier-McKinstry, and D. G.
Schlom. Room-temperature electro-optic properties of strained SrTiO3
66
4.10 Conclusion
films grown on DyScO3. Journal of Applied Physics, 105(1):014102,
2009.
[38] G. Catalan, A. Janssens, G. Rispens, S. Csiszar, O. Seeck, G. Rijnders,
D. H. A. Blank, and B. Noheda. Polar Domains in Lead Titanate Films
under Tensile Strain. Physical Review Letters, 96(12):127602, 2006.
[39] P. Kuzel, C. Kadlec, F. Kadlec, J. Schubert, and G. Panaitov. Field-
induced soft mode hardening in SrTiO3/DyScO3 multilayers. Applied
Physics Letters, 93(5):052910, 2008.
[40] C. Kadlec, F. Kadlec, H. Neˇmec, P. Kuzˇel, J. Schubert, and G. Panaitov.
High tunability of the soft mode in strained SrTiO3/DyScO3 multilayers.
Journal of Physics: Condensed Matter, 21(11):115902, 2009.
[41] T. Heeg, J. Schubert, C. Buchal, E. Cicerrella, J. L. Freeouf, W. Tian,
Y. Jia, and D. G. Schlom. Growth and properties of epitaxial rare-earth
scandate thin films. Applied Physics A: Materials Science & Processing,
83(1):103–106, 04 2006.
[42] C. Zhao, T. Witters, B. Brijs, H. Bender, O. Richard, M. Caymax,
T. Heeg, J. Schubert, V. V. Afanas’ev, A. Stesmans, and D. G. Schlom.
Ternary rare-earth metal oxide high-k layers on silicon oxide. Applied
Physics Letters, 86(13):132903, 2005.
[43] M. Wagner, T. Heeg, J. Schubert, C. Zhao, O. Richard, M. Caymax,
V.V. Afanas’ev, and S. Mantl. Preparation and characterization of rare
earth scandates as alternative gate oxide materials. Solid-State Electron-
ics, 50(1):58 – 62, 2006. Papers selected from the 2005 ULIS Conference.
[44] R. Thomas, P. Ehrhart, M. Luysberg, M. Boese, R. Waser, M. Roeck-
erath, E. Rije, J. Schubert, S. Van Elshocht, and M. Caymax. Dyspro-
sium scandate thin films as an alternate amorphous gate oxide prepared
by metal-organic chemical vapor deposition. Applied Physics Letters,
89(23):232902, 2006.
[45] C. Adelmann, S. Van Elshocht, A. Franquet, T. Conard, O. Richard,
H. Bender, P. Lehnen, and S. De Gendt. Thermal stability of dysprosium
scandate thin films. Applied Physics Letters, 92(11):112902, 2008.
67
4 Surface structure annealed DyScO3(110)
[46] T. Uozumi, K. Shibuya, T. Ohnishi, T. Sato, and M. Lippmaa. Growth
and Characterization of Epitaxial DyScO3 Films on SrTiO3. Japanese
Journal of Applied Physics, 45(31):L830–L832, 2006.
[47] M. Boese, T. Heeg, J. Schubert, and M. Luysberg. HRTEM investigation
of the epitaxial growth of scandate/titanate multilayers. Journal of
Materials Science, 41(14):4434–4439, 07 2006.
[48] A. Ohtomo and H. Y. Hwang. A high-mobility electron gas at the
LaAlO3/SrTiO3 heterointerface. Nature, 427(6973):423–426, 01 2004.
[49] A. M. Glazer. The classification of tilted octahedra in perovskites. Acta
Crystallographica Section B, 28(11):3384–3392, Nov 1972.
[50] N. Crnogorac and H. Wilke. Measurement of physical properties of
DyScO3 melt. Crystal Research and Technology, 44(6):581–589, 2009.
[51] R. Uecker, B. Velickov, D. Klimm, R. Bertram, M. Bernhagen, M. Rabe,
M. Albrecht, R. Fornari, and D.G. Schlom. Properties of rare-earth
scandate single crystals (Re=Nd-Dy). Journal of Crystal Growth,
310(10):2649 – 2658, 2008.
[52] R. Uecker, P. Reiche, S. Ganschow, P. M. Wilde, D. C. Uecker,
H. Worzala, and D. Schultze. Growth conditions and composition of
SrPrGaO4 single crystals. Journal of Crystal Growth, 174(1-4):320 –
323, 1997. American Crystal Growth 1996 and Vapor Growth and Epi-
taxy 1996.
[53] R. Dirsyte, J. Schwarzkopf, G. Wagner, R. Fornari, J. Lienemann,
M. Busch, and H. Winter. Thermal-induced change in surface termi-
nation of DyScO3(110). Surface Science, 604(21-22):L55 – L58, 2010.
[54] L. P. Varga and L. B. Asprey. Free Ion 4fn Levels of the Tetravalent Lan-
thanides. Fluorescence and Absorption Spectra of Cesium Dysprosium
(IV) Heptafluoride. The Journal of Chemical Physics, 48(1):139–146,
1968.
[55] L. B. Asprey and B. B. Cunningham. Unusual Oxidation States of Some
Actinide and Lanthanide Elements. In Progress in Inorganic Chemistry,
volume 2, pages 270–273. Interscience Publishers, 1960.
68
4.10 Conclusion
[56] B. C. Chakoumakos, S. E. Nagler, S. T. Misture, and H. M. Christen.
High-temperature structural behavior of SrRuO3. Physica B: Condensed
Matter, 241-243:358 – 360, 1997. Proceedings of the International Con-
ference on Neutron Scattering.
[57] X. Liu, Y. Wang, and Robert C. Liebermann. Orthorhombic-Tetragonal
Phase Transition in CaGeO3 Perovskite at High Temperature. Geophys.
Res. Lett., 15, 1988.
[58] R. Hill and Ian Jackson. The thermal expansion of ScAlO3. A silicate
perovskite analogue. Physics and Chemistry of Minerals, 17(1):89–96,
01 1990.
[59] Y. Zhao and D. J. Weidner. Thermal expansion of SrZrO3 and BaZrO3
perovskites. Physics and Chemistry of Minerals, 18(5):294–301, 1991.
[60] J. M. Badie. Phases et transitions de phases a haute temperatures dans
les systems Sc2O3-Ln2O3 (Ln-lantanide et yttrium). Rev. Int. Hautes
Temp. Refract., 15:183–199, 1978.
[61] M.D. Biegalski, J.H. Haeni, S. Trolier-McKinstry, D.G. Schlom, C.D.
Brandle, and A.J. Ven Graitis. Thermal expansion of the new perovskite
substrates DyScO3 and GdScO3. J. Mater. Res., 20(4):952–958, 2005.
[62] Y. Zhao, D. J. Weidner, J. B. Parise, and D. E. Cox. Thermal expansion
and structural distortion of perovskite. Data for NaMgF3 perovskite.
Part I. Physics of The Earth and Planetary Interiors, 76(1-2):1 – 16,
1993.
[63] Y. Zhao, D. J. Weidner, J. B. Parise, and D. E. Cox. Critical phenomena
and phase transition of perovskite. Data for NaMgF3 perovskite. Part
II. Physics of The Earth and Planetary Interiors, 76(1-2):17 – 34, 1993.
[64] N. W. Thomas. A New Global Parameterization of Perovskite Struc-
tures. Acta Crystallographica Section B, 54(5):585–599, Oct 1998.
[65] R. Tamazyan and S. van Smaalen. Quantitative description of the tilt of
distorted octahedra in ABX3 structures. Acta Crystallographica Section
B, 63:190–200, 2007.
69
4 Surface structure annealed DyScO3(110)
[66] M. Kawasaki, K. Takahashi, T. Maeda, R. Tsuchiya, M. Shinohara,
O. Ishiyama, T. Yonezawa, M. Yoshimoto, and H. Koinuma. Atomic
Control of the SrTiO3 Crystal Surface. Science, 266(5190):1540–1542,
1994.
[67] G. Koster, B.L. Kropman, G. J. H. M. Rijnders, D. H. A. Blank, and
H. Rogalla. Quasi-ideal strontium titanate crystal surfaces through for-
mation of strontium hydroxide. Applied Physics Letters, 73(20):2920–
2922, 1998.
[68] A. G. Schrott, J. A. Misewich, M. Copel, D. W. Abraham, and Y. Zhang.
A-site surface termination in strontium titanate single crystals. Applied
Physics Letters, 79(12):1786–1788, 2001.
[69] T. Ohnishi. . PhD thesis, Tokyo Institute of Technology, 1999.
[70] E. Vlieg. ROD: a program for surface X-ray crystallography. Journal of
Applied Crystallography, 33(2):401–405, Apr 2000.
[71] J. E. Kleibeuker, G. Koster, W. Siemons, D. Dubbink, B. Kuiper, J. L.
Blok, C. H. Yang, J. Ravichandran, R. Ramesh, J. E. ten Elshof, D. H. A.
Blank, and G. Rijnders. Atomically defined rare-earth scandate crystal
surfaces. Advanced Functional Materials, 20(20):3490–3496, 2010.
[72] I. K. Robinson. Crystal truncation rods and surface roughness. Phys.
Rev. B, 33(6):3830–3836, Mar 1986.
[73] V. Vonk, S. Konings, G.J. van Hummel, S. Harkema, and H. Graaf-
sma. The atomic surface structure of SrTiO3(001) in air studied with
synchrotron X-rays. Surface Science, 595(1-3):183 – 193, 2005.
70
Chapter5
Chemically etched
DyScO3(110)
5.1 Introduction
It has been stated that the importance of the quality of the underlying crys-
talline template, on which an epitaxial film is grown, cannot be overempha-
sised [1]. Atomically flat surfaces of perovskite substrates are essential for
creating perfect two-dimensional epitaxial heterostructures such as high Tc
Josephson tunnel junctions or superlattices [2, 3]. An excellent example of
what can be accomplished when having full control of the substrate surface is
on the high-mobility conducting interface layer between two perovskite isola-
tors, by Ohtomo et al [4]. This conducting interface layer only occurs with a
specific termination of the perovskite materials, thus requiring full control to
obtain atomically flat, single terminated surfaces. For ultra thin layers, only
a few unit cells high, an atomically flat surface is essential. Investigating the
ferroelectric properties of a three unit cell high film of PbTiO3 on SrTiO3 [5]
is only possible if the substrate is atomically perfectly flat, as not to blur the
interface and film thickness.
For perovskite materials (ABO3), two terminations of an atomically flat,
single terminated surfaces are possible: an A-site surface (AO-terminated) or
a B-site (BO2-terminated). The termination of the surface can be important
for the growth process of the epitaxially grown film, for example, the termi-
nation of a SrTiO3(100) substrates strongly influences the growth of the high
Tc superconductor YBa2Cu3O7−δ [3, 6, 7].
71
5 Chemically etched DyScO3(110)
Obtaining a single terminated surface typically requires an etching and/or
annealing procedure. Most common is the B-site termination, because the
process to obtain atomically flat surfaces of this kind is well-known and re-
producible [8–10]. The A-site terminated surface are prepared by deposition
of a single monolayer of AO [4] or the use of a buﬀer layer such as SrRuO3
[11, 12]. The use of low-power oxygen ashing [13] to obtain A-site terminated
surface is debated [14].
Obtaining a single termination depends on the details of the crystal struc-
ture. Comparing the alternating layered structure of SrTiO3 and DyScO3,
a crucial diﬀerence between the two crystals can be noted. SrTiO3 consists
of alternating neutral planes: SrO and TiO2, while, on the other hand, the
DyO+ and ScO−2 planes of DyScO3 are charged. As a result, a single ter-
minated and bulk-like DyScO3 surface will result in a polar discontinuity at
the surface, independent of Dy or Sc termination. A polar discontinuity is
energetically unfavourable and therefore a surface reconstruction is likely to
occur. This could result in, e.g., oxygen or cation vacancies, ion displacement
and adsorbents.
Here, the surface structure of polar perovskites is discussed in more detail,
using DyScO3 as a model system. The surface is examined at diﬀerent stages
of surface preparation. The surface structure is studied using reflection high-
energy electron diﬀraction (RHEED), surface X-ray diﬀraction (SXRD) and
angle resolved mass spectroscopy of recoiled ions (AR-MSRI) measurements.
These three techniques are all very sensitive to the top-most surface layer.
They give information on the surface composition as well as on the surface
structure and symmetry.
5.2 Surface Preparation
All samples used were DyScO3(110) substrates from CrysTec GmbH, Ger-
many (5 x 5 x 0.5mm3) In order to find the optimum preparation method,
diﬀerent sample treatments were investigated.
Annealed
One set of surfaces was prepared by annealing the substrate for four hours at
1000 ◦C in an oxygen flow (150ml·min−1). After cooling in this oxygen flow,
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the substrates where rinsed with demineralised water and ethanol.
Roughened
A second set of samples was prepared by annealing the substrate for four
hours at 900 ◦C followed by four hours at 950 ◦C, both in an oxygen flow
(150ml·min−1). After cooling in this oxygen flow, the substrate is dipped
shortly in a buﬀered hydrofluoric acid solution (NH4F:HF = 87.5:12.5, pH =
5.5) and rinsed with demineralised water and ethanol.
ScO2-termination
The preparation of a single ScO2-terminated surface of section was done
according to the recipe described in [15], with the addition of a hydrofluoric
acid dip (HF) in between the anneal and etching step. The surface was
prepared by annealing the substrate for four hours at 1000 ◦C in an oxygen
flow (150ml·min−1). After cooling in this oxygen flow, it is dipped shortly
a buﬀered hydrofluoric acid solution and rinsed with demineralised water.
After, the substrate is etched in a 12 M sodium hydroxide solution and 1
M sodium hydroxide solution, both for one hour in a ultrasonic bath and
afterwards rinsed with demineralised water and ethanol.
DyO-termination
A DyO-terminated surface was prepared identically to the ScO2-terminated
surface described above, with the addition of a PLD deposition of Dy2O3.
The DyO monolayer was grown using interval PLD at a oxygen pressure of
0.01 mbar. The substrate temperature was approximately 740 ◦C. 33 laser
pulses with a repetition rate of 50 Hz and a fluency of 2.1 J·cm−2 were given.
The spotsize on the target was 2.35 mm2, with a substrate-target distance of
50 mm. The oxygen background pressure during deposition will compensate
for the disbalance in oxygen stoichiometry between the target material Dy2O3
and the desired DyO monolayer.
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5.3 Surface Analysis
5.3.1 RHEED
RHEED is a well known technique to determine the primary in-plane surface
structure periodicity of crystalline materials [16, 17]. DyScO3 easily charges
in an electron beam at room temperature and high vacuum due to its large
bandgap (5.9 eV), complicating RHEED measurements [18].
Figure 5.1: RHEED patterns of ScO2 terminated DyScO3 along diﬀerent surface
directions: (a) along [10], (b) along [11], (c) along [21], (d) along [31] and (e)
along [01]. (f) Shows schematically the pseudocubic lattice structure, indicating
the diﬀerent directions.
Figure 5.1 shows the diﬀraction patterns along the diﬀerent DyScO3(110)
surface directions, measured at room temperature using 30 keV electrons in
10−3 mbar oxygen to reduce surface charging on the ScO2 terminated sample.
The directions are indicated using two-dimensional lattice vectors, where
the [01] and [10] direction correspond to the orthorhombic [001] and [11¯0]
directions, respectively. No clear diﬀerence between the patterns along the
74
5.3 Surface Analysis
[01] and [10] directions were observed, which implies four-fold symmetry. By
determining the size of the surface unit-cell by the spacing of the diﬀraction
spots, all diﬀraction patterns correspond to a bulk in-plane orthorhombic unit
cell. No superstructure has been observed by RHEED, thus no reconstruction
seems to occur. No clear diﬀerences were observed when comparing treated
and as received substrates, because Dy ions have a large contribution to the
RHEED pattern, as Dy has a large atomic form factor.
5.3.2 AR-MSRI
In order to determine the top-most atomic layer of the DyScO3(110), we
performed angle resolved mass spectroscopy of recoiled ions (Ionwerks, Inc.).
AR-MSRI is highly sensitive to surface composition with isotope resolution
[19]. Since the exit velocity of recoiled elements is proportional to their mass,
the resolution in time of flight can be converted to a resolution of atomic mass.
Here, a time refocusing reflectron analyser was used to increase the mass res-
olution. Note that the analyser only detects the ionic fraction of the recoiled
ions. The number of recoiled ions is strongly influenced by neighbouring ions
at the surface due to blocking and/or shadowing eﬀects. Therefore, system-
atic investigations on the dependence of the mass spectroscopy of recoiled
ions counts versus azimuthal angle (δ) can give information on the in-plane
crystalline structures [19, 20].
Before the AR-MSRI measurements, the samples were cleaned in acetone
and isopropanol in turn (in an ultrasonic bath). In the high vacuum AR-
MSRI chamber, the samples were heated to 600 ◦C in 7x10−2 mbar O2 to
remove the hydrocarbons on the substrate. For the measurements, pulsed
potassium ions 39K with a kinetic energy of 10 keV are directed to the surface
of the samples at an incident angle of 15 ◦, and recoiled ions from the sample
are collected at a recoiling angle of 60 ◦ though the reflectron analyser. The
measurements were performed at 150 ◦C in high vacuum (below 10−6 mbar).
Note that DyScO3 has no structural phase transitions in this temperature
range [21].
Four diﬀerent samples were measured : as-received, annealed, roughened
and ScO2 terminated. The full range mass spectra were collected at diﬀerent
azimuthal angles and normalised with respect to the integrated intensity of
the K peak. The Sc/Dy intensity ratios as function of the azimuthal angle
of the four samples are shown in Figure 5.2.
For the ScO2 terminated sample, maxima at -45 ◦ and 45 ◦ were well
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Figure 5.2: Azimuthal maps of diﬀerent treated DyScO3(110) substrates: as-
received (x), Annealed(diamond), Roughened (asterisk) and ScO2 terminated
(open circle). Maximum blocking of Dy was observed at -45 ◦ and 45 ◦. 0 ◦ is
along the orthorhombic [11¯0].
pronounced. This is due to the shadowing of Dy by the topmost Sc and O
atoms. This can only be observed when the surface is mainly Sc terminated.
For the annealed sample as well as the roughened sample, the surfaces are
clearly mixed terminated.
From the AR-MSRI data, it can be concluded that the ScO2 terminated
sample is predominantly Sc terminated. The possible presence of a low Dy
fraction at the surface is hard to establish. The AR-MSRI data show a four-
fold rotation symmetry. Every 90 ◦, Sc blocks the Dy. Small variations may
be present due to the orthorhombic crystal structure. The measurements are
not accurate enough to determine slight deviations in the angle. The weak
features at other angles may be due to the contribution of oxygen.
5.3.3 AFM + SXRD
The SXRD measurements were done on the (2+3) axis diﬀractometer at
BM26 (DUBBLE) beamline using the ESRF (Grenoble, France) at a energy
of 16 KeV. The measurements where performed with a substrate tempera-
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ture of 250 ◦C under a constant flow of dry nitrogen in order to eliminate the
influence of absorbed water at the surface. The measured crystal truncation
rods (CTRs) were processed and analysed using the ANA-ROD package [22].
The AFM images where taken ex-situ using tapping mode AFM (Veeco’s Di-
mension Icon, United Kingdom) at the MESA+ Institute for Nanotechnology
at the University of Twente.
Annealed
The AFM height image of DyScO3(110) after annealing (Fig. 5.3) shows
straight, equidistant step edges and flat terraces. With step heights of about
4 A˚, this would indicate a single terminated surface, either ScO2 or DyO.
However, as described in chapter 4, the terraces are rough on a scale smaller
than the lateral resolution of the AFM and are therefore not seen in the
height image. Thus, AFM alone is not a suitable method in this case to
determinate whether the substrates are single or mixed terminated. Though
no SXRD measurements were performed on this specific sample, all samples
with the same preparation are expected to be similar and the SXRD results
of chapter 4 should apply.
Roughened
The hydrofluoric acid dip used in this preparation roughens the surface, etch-
ing away both ScO2 and DyO non-selectively. The AFM height image (Fig.
5.4, right bottom) shows the roughened surface, with mixed steps heights of
2, 4 and 6 A˚. This roughening leaves a mixed terminated surface, as con-
firmed by SXRD (Fig. 5.4, left). The SXRD data were fitted using a simple
four layer model (for details see 4.9.2), consisting of a ScO2 terminated sur-
face with a full unit cell of DyScO3 on top (4 layers, 2x alternating DyO and
ScO2). Only the occupancies of the top four layer are fitted, agreeing reason-
ably with the measured data. A more sophisticated model would result in a
better fit for the SXRD data than obtained here, but the conclusion that the
substrates are mixed terminated after annealing and the hydrofluoric acid
dip, is clear.
ScO2 single terminated
Two samples were prepared with an annealing and double etching step. Fig-
ure 5.5, left, shows an AFM height image after this sample preparation, show-
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Figure 5.3: (left) AFM height image of annealed DyScO3(110) substrate, four
hours at 1000 ◦C. The flat terraces and step height of 4 A˚ in between the terraces
would indicate a single terminated surface, however, roughness occurs on a scale
smaller than the lateral resolution of the AFM and makes this seemingly perfect
sample mixed terminated (for details see Chapt. 4). The miscut of the substrate
is estimated to be 0.06 ◦. (right) Line profile of an AFM height image (white line,
left), indicating the flat terraces with steps of about 4 A˚.
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Figure 5.4: Mixed terminated surface of DyScO3(110). (left) Selection of CTR’s,
where dots are the data points with their error bars, the solid line the model fit
confirming a mixed termination and the dashed line representing a a perfectly
single terminated surface. The simple model used is in accordance with the mixed
termination presumption. (right top) Schematic representation of the surface on
each terrace, using the model fit. The percentage occupied by each layer in the
model is given. (right bottom) AFM height image showing a roughened surface,
due to the hydrofluoric acid dip. Steps of 2, 4 and 6 A˚ are seen but the vertical
terrace edges are barely visible. The miscut of the substrate is estimated at 0.08 ◦.
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ing straight equidistant terraces with a step height of about 4 A˚ indicating
a single terminated surface. On the terraces holes of about 4 A˚ can be seen,
thus maintaining the single ScO2 termination. However, as mentioned before,
AFM alone is not enough to determine if a substrate is single terminated.
SXRD measurements (Fig. 5.5, right) however show that indeed the surface
is single terminated. The solid curve is the fit of a ScO2-terminated surface
covered with holes that are half a unit cell deep, consistent with the holes
seen on the AFM image. The dashed curve, a perfectly ScO2-terminated
surface, is plotted for comparison.
Again, the model fit is not perfect, but compared to the data obtained
from substrates with only an annealing step, it is clear that this surface
treatment yields a much more flat single terminated surface.
Substrates prepared with only one etching step, omitting the HF dip (thus
sample preparation identical to Kleibeuker et al [15]), yielded similar SXRD
results. The additional HF dip, however, improved eﬀectiveness and repro-
ducibility of the single terminated substrate sample preparation procedure.
The absence of fractional order reflections tells there is no reconstruction
with long range order of the surface.
DyO single terminated
With the improved sample preparation method it is possible to obtain flat,
ScO2 single terminated DyScO3(110) substrates. It is now interesting to try
and invert the termination to obtain a DyO single terminated surface.
This inversion of termination is done by depositing a single monolayer
of DyO on top of a ScO2 terminated substrate. The AFM height image
after deposition (Fig. 5.6, right), needs to be compared with the one before
deposition (Fig. 5.5, right). An almost identical AFM image can be seen,
showing relatively smooth terraces with some small 4 A˚ holes.
The SXRD data, however reveals that about 65% of the surface is covered
with DyO (Fig. 5.6, left). The fit (solid curve) consists of a ScO2 terminated
DyScO3(110) surface, where the occupancy in the DyO on top (atoms at
bulk positions) was varied. With this simple, one parameter model the data
can be fitted reasonably well. If a full monolayer of DyO would have been
deposited, the structure factor amplitudes would have followed the single
terminated model (dashed line).
One of the reasons why it is diﬃcult to grow exactly a single monolayer
of DyO on top of a ScO2 terminated DyScO3(110) surface is that it is very
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Figure 5.5: Single ScO2-terminated DyScO3(110), prepared by annealing and etch-
ing of the surface. (left) Selection of CTR’s of the prepared surface, dots are the
data points with their error bars. The solid line is the model fit consisting of a
perfectly ScO2-terminated surface with 10% half a unit cell holes in the surface,
consistent with the 4 A˚ holes seen on the AFM image. (right top) Schematic
representation of the surface on each terrace, using the model fit. The percentage
occupied by each layer in the model is given. (right bottom) AFM height image
of the prepared surface with 4 A˚ high steps, indicating single termination. The
miscut of the substrate is estimated at 0.17 ◦.
81
5 Chemically etched DyScO3(110)
diﬃcult to calibrate the number of pulses needed for one monolayer. The
growth oscillations visible during the deposition of several layers of material
are normally used as a calibration for the deposition conditions and the
number of pulses needed for each monolayer. However, the fact that it is not
possible to grow a film of several layers of DyO on top of the substrate, makes
this calibration impossible. The number of pulses needed for a full monolayer
was therefore underestimated, resulting in the uncompleted monolayer.
.
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Figure 5.6: Partially DyO-terminated DyScO3(110), prepared by depositing a DyO
monolayer on a ScO2 terminated substrate. (left) Selection of CTR’s of the de-
posited surface, dots are the data points with their error bars. The solid line is
the model fit consisting of 65% DyO on top of a ScO2-terminated surface. The
dashed line represents a perfectly DyO-terminated surface. (right top) Schematic
representation of the surface on each terrace, using the model fit. The percentage
occupied by the layer in the model is given. (right bottom) AFM height image
of the deposited surface with 4 A˚ high steps and several 4 A˚ holes. The surface
topography after deposition is very similar to before deposition (Fig. 5.5, right
bottom). The miscut of the substrate is estimated at 0.22 ◦.
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5.4 Conclusion
With an improved sample preparation technique of annealing and subsequent
etching with HF and NaOH solution, it is possible to obtain ScO2 single
terminated DyScO3(110) surfaces as is shown with SXRD and AR-MSRI.
RHEED and SXRD data show a unreconstructed surface for DyScO3(110).
This indicates to the absence of systematic cation vacancies at the surface.
Moreover, SXRD data indicates that cation displacements in relation to the
bulk plane are unlikely to be present. Therefore, the polarity diﬀerence
between bulk and vacuum is most likely overcome by introducing oxygen
vacancies in the topmost Sc layer.
With the addition of a HF etching step, compared to Kleibeuker et al
[15], one yields similar results in terms of structural perfection of the sur-
face, but improves the eﬀectiveness and reliably of the substrate preparation
procedure.
The attempt to obtain a DyO terminated surface by depositing a single
monolayer of DyO on top of a ScO2 single terminated surfaces, was not
entirely successful. After deposition only about 65% of the surface as covered
with DyO, though the AFM image seemed to show a identical topography
as before deposition indicating the deposition of a full monolayer. As seen
before with the bare substrates, AFM alone is not enough to determine the
surface termination unambiguously.
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Chapter6
Growth of SrTiO3 on
DyScO3(110)
6.1 Introduction
Strontium Titanate (SrTiO3) is a model perovskite material. In its bulk form
at room temperature, it is a cubic (m3m) centrosymmetric perovskite and a
wide band-gap insulator. Around 105 K it has a phase transformation to a
tetragonal point group (4/mmm) [1–3]. Just above absolute zero at 0.3 K,
SrTiO3 can become superconducting when altering the oxygen stoichiometric
slightly [4, 5].
SrTiO3 remains paraelectric until absolute zero temperature. The sup-
pression of the transformation from this paraelectric phase to a ferroelectric
phase at these low temperatures is attributed to quantum fluctuations in the
soft phonon mode of SrTiO3 [6]. However, these quantum fluctuations can
easily be distorted and a ferroelectric phase has been produced in bulk SrTiO3
by impurities/doping [7, 8], electric fields [9, 10], oxygen isotope substitution
[11] or mechanical stress [12].
For thin films, strain has the potential to change material properties and
induce ferroelectric [13], magnetic [14] or superconducting transitions [15].
For thin films of SrTiO3, strain has been shown to induce a ferroelectric
phase near room temperature; the strain shifts the ferroelectric transition
(Curie) temperature from absolute zero up by hundreds of degrees! This large
change in transition temperature can be induced by strain owing to the strong
coupling with the polarisation. Theoretical thermodynamical calculations
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[16–19] predict this ferroelectric transition to occur at room temperature for
SrTiO3 at an in-plane strain1 of about 1% (Fig 6.1, left). Such a transition
of a paraelectric to a ferroelectric phase near room temperature would make
it useful for devices.
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Figure 6.1: Left: Strain-phase diagram of (001)-oriented single domain SrTiO3
thin films, calculated from thermodynamical theory [17]. The hashed area is due
to uncertainty in the property coeﬃcients. An in-plane tensile strain of 1% could
bring the ferroelectric transition near room temperature (Adapted from [20] and
[21]). Right : Comparison of the rocking curves for bulk SrTiO3 single crystals
and a SrTiO3 thin film. The bulk SrTiO3 crystals are grown by the floating zone
technique (dotted line) or flame fusion method (dashed-dotted line), with a FWHM
of 0.025 and 0.0175 degrees respectively, a measure of the structural quality. The
thin SrTiO3 film grown via MBE has a much more narrow rocking curve of 0.0018
degrees, surpassing the bulk crystals in structural quality (Adapted from [19]).
Thin films of SrTiO3 on DyScO3(110) have a lattice parameter mismatch
such that, when grown epitaxially on one another, an in-plane tensile strain
is induced within the SrTiO3 film of about 1 %. This type of strain state
would not be possible in bulk SrTiO3, for the crystal would break long before
it reached this strain level. These SrTiO3 thin films have an exceptionally
high crystalline perfection (owing to the crystalline perfection of DyScO3)
and therefore these strained epitaxial ferroelectric thin films can have elec-
tronic properties that are superior to bulk SrTiO3 (Fig 6.1, left). The low
1Strain ε=as−aoao , where as is the lattice parameter of the strained film and ao in
unstrained condition.
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density of dislocations in the film, which otherwise would make its ferroelec-
tric properties inhomogeneous and deteriorate its strain, make the SrTiO3
thin films structurally more perfect compared to its bulk counterpart (Fig
6.1, right).
The buildup strain in these thin film relaxes if the film thickness surpasses
its critical thickness, therefore in order to increase the total thickness of the
strained SrTiO3 film, multilayers of SrTiO3/DyScO3 are created [22–24].
6.1.1 Growth kinetics of SrTiO3 on DyScO3(110)
During the deposition process of thin films, the growth kinetics and film
thickness are monitored by observing the diﬀracted X-ray intensity during
deposition. Depending on the point in reciprocal space monitored, a diﬀerent
behaviour of the intensity can be seen. As an example two simulated growth
curves are plotted (Fig. 6.2) for a linear growth profile, that is, ideal layer-
by-layer growth.
The origin of the oscillatory behaviour of the structure factor can be
illustrated when looking at the scattering amplitude in the complex plane.
(Fig. 6.2b and c) In figure 6.2b, the scattering amplitude of the film in the
complex plane is plotted, where the growth of the film can be followed by
following the letters in alphabetical order and continuing the square shape
when arriving at D. The letters correspond to the number of monolayers and
structure factors in figure 6.2a, top curve. Before point A, half a layer of TiO2
grows before the first SrO layers start to grow. This exceptional situation of
only TiO2 growth without SrO occurs only at the very start of this growth
simulation and results in a slightly deviating line and a diﬀerent line profile.
From point A onwards, SrTiO3 grows with a constant and identical flux of
TiO2 and SrO particles. With the completion of a layer (either TiO2 or
SrO), indicated with A-D, the direction of the scattering amplitude in the
complex plane changes by about 90 degrees, creating a square shape after
the growth of two SrTiO3 layers. This completion of layers is seen as kinks
in the simulated growth oscillations. The slight rotation of the square profile
is due to the monitored reciprocal space point being 0 0 0.99, (because 0 0 1
gives numerical problems with calculations).
Oscillating behaviour can also be seen in figure 6.2a, middle curve, which
shows the simulated intensity at reciprocal space point 0 0 ½. The corre-
sponding scattering amplitude of the film in the complex plane is given in
figure 6.2c. The oscillation period is doubled with respect to the situation ex-
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Figure 6.2: Mechanism of the growth oscillations (a) Top, calculated change of
structure factor during growth of SrTiO3 on a ScO2 terminated DyScO3(110)
surface at reciprocal space point 0 0 0.99. Each oscillation (from A onwards)
corresponds to the deposition of two SrTiO3 monolayers. Middle, idem, but for
reciprocal space point 0 0 ½. Now each oscillation corresponds to the deposition
of four SrTiO3 monolayers. Bottom, growth rates for the diﬀerent atomic layers.
The coverage of each layer is plotted in time, for both TiO2 layers (dashed line)
and SrO (solid lines). A linear growth model is used, where the next layer start
to grow when the underlaying layer has a coverage of a half.
(b) and (c) The origin of the growth oscillations is clearly seen when looking at
the scattering amplitude in the complex plane (b) Scattering amplitude and its
phase for the top curve in (a), with the letters corresponding to the specific times
of this curve. (c) Scattering amplitude and its phase for the middle curve in (a).
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plained above. Here, for each oscillation four SrTiO3 layer are grown. Again,
a change in direction of the scattering amplitude in the complex plane is seen
with the completion of each TiO2 or SrO layer and a octagon shaped path is
followed with each four SrTiO3 layers grown. The completion of layers can
be seen as kinks in the simulated growth oscillations.
Growth on a single terminated surface
The shape, amplitude and period of the growth oscillations of SrTiO3 on
DyScO3(110) are also determined by the structure of the substrate. As a
starting point, a ScO2 single terminated bulk crystal can be taken on which
to grow the SrTiO3 film.
In figure 6.3 growth oscillation are simulated for diﬀerent growth modes
and layer sequences for such a single terminated crystal. In figures 6.3a-c,
TiO2 and SrO layers grow in an alternating fashion. For each growth mode
two points in reciprocal space are monitored (thick solid lines), the top curve
at 0 0 0.99, the bottom at 0 0 ½.
When analysing the growth oscillation simulated at reciprocal space point
0 0 0.99 in figure 6.3, a linear growth pattern is simulated in figure 6.3a where
the next layer starts to grow when the underlaying layer has a coverage of
a half. These curves are identical to Fig. 6.2a. In figure 6.3b, the film still
grows in a layer-by-layer fashion, but the growth rate of each layer is now
dependent on its coverage, a higher growth rate for a low coverage and a lower
growth rate when the layer nears completion. The growth oscillations are
similar to Fig. 6.3a, but do not show the sharp kinks anymore, because there
is no longer an abrupt start or completion of a layer. In figure 6.3c, rough
growth is simulated, the growth rate decreasing with each layer, resulting
in damping of the growth oscillations. Figures 6.3d-f show similar growth
modes, but here the TiO2 and SrO layers, instead of in a alternating fashion,
grow simultaneously and thus the dashed lines of TiO2 overlap with the solid
lines of the SrO layers.
Growth on a double terminated surface
Analogous to the growth on a ScO2 single terminated surface, growth os-
cillation can also be simulated for the deposition of SrTiO3 on a double
terminated surface. Figure 6.4 shows growth oscillations for similar situa-
tions as figure 6.3, but now for a double terminated surface, 50 % ScO2, 50
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Figure 6.3: Growth of SrTiO3 on DyScO3(110) for diﬀerent growth regimes and
growth sequences on a perfect ScO2 single terminated surface. For each case two
simulated growth oscillations (thick solid curves) are calculated at reciprocal space
point 0 0 0.99 and 0 0 ½ , top and bottom curves respectively. (a-c) Alternating
completion of TiO2 and SrO layers, the subsequent layer only starts to grow when
the underlying layer has occupancy ½. (d-f) Simultaneous growth of TiO2 and SrO
layers, the next two layers start to grow when the underlying layer is completed. (a)
and (d) Linear growth model, the next layer starts to grow when the underlaying
layer has a coverage of a half. (b) and (e) Layer-by-layer growth, the growth rate
of the layer depends on its coverage. (c) and (f) 3D island growth, the growth rate
is decreasing with layer number.
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% DyO.
As a general trend for the growth oscillations at reciprocal space point
0 0 0.99 for these double terminated surfaces, the smaller maxima seen for
the growth oscillations of a single terminated surface become of the same
intensity as the larger maxima. Because of this, it would almost seem there
is a doubling in the number of oscillations.
The distinction between the growth oscillations for a single and double
terminated surface at reciprocal space point 0 0 ½ is more diﬃcult to see and
in practice if one wants to gather information about the growth process of
this system, this is not a good point to monitor during deposition.
6.2 Growth Model
In this section a general growth model for thin film growth will be proposed,
which is used to model the data later on.
6.2.1 Growth rate model
Diﬀerent models for the epitaxial layer growth have been proposed. Most
models are based on atomically flat unconstructed surfaces. An example is
the birth-death model, where the growth rate is high for an unfilled layer
and slow near completion of the layer [25]. This birth-death model can be
modified to include diﬀusion to a lower level layer [26] or using a critical
coverage as a adjustable parameter to describe the layer coverage in time
[27]. Other models use the adatoms diﬀusivity on the surface together with
the energy barrier for diﬀusing adatoms at step edges (the so-called Ehrlich-
Schwoebel barrier, hampering interlayer mass-transport) [28] to describe the
growth process.
Here we only aim to obtain a plausible estimate of the layer coverage
during growth. We therefore simply use a smooth growth curve with the
expected shape from the above mentioned models and use no specific physics
of the growth process. Growth is described in terms of a coverage of layers
in time (θt), where the coverage of each layer goes from zero to one and no
overhangs or negative growth rates are allowed. The coverage of each layer
in time is described by a hyperbolic tangent (tanh) curve as:
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Figure 6.4: Growth of SrTiO3 on DyScO3(110) for diﬀerent growth regimes and
growth sequences on a double terminated surface, 50 % ScO2, 50 % DyO. For
each case two simulated growth oscillations (thick solid curves) are calculated at
reciprocal space point 0 0 0.99 and 0 0 ½ , top and bottom curves respectively. (a-c)
Alternating completion of TiO2 and SrO layers, the subsequent layer only starts
to grow when the underlying layer has occupancy ½. (d-f) Simultaneous growth of
TiO2 and SrO layers, the next two layers start to grow when the underlying layer
is completed. (a) and (d) Linear growth model, the next layer starts to grow when
the underlaying layer has a coverage of a half. (b) and (e) Layer-by-layer growth,
the growth rate of the layer depends on its coverage. (c) and (f) 3D island growth,
the growth rate is decreasing with layer number.
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θt,n =
1
2
(tanh
￿(t− tθ= 12 )
τ1,n
￿
+ 1) , (6.1)
where 1/τ1,n defines the growth rate of layer n and tθ= 12 is the time at which
the coverage of the layer θn is a half (Fig. 6.5, left).
The growth behavour can be fine-tuned by adding a second growth pa-
rameter τ2,n and the coverage for layer n becomes:
θt,n =
1
2
(tanh
￿(t− tθ= 12 )
τ1,n
￿
+ 1)− τ2,n
τ1,n
(t− tθ= 12 ) . (6.2)
This second growth parameter mainly eﬀects the growth rate at the start
and end of the layer coverage curve generating a higher growth rate in those
regions (Fig. 6.5, right) and in its limit generates a linear growth rate model2.
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Figure 6.5: Layer coverage in time for diﬀerent growth rates. Left: τ1=4 (dashed
dotted), τ1=15 (solid), τ1=35 (dotted). For all three curves τ2=0 and tθ= 12=50;
Right: With τ2 ￿= 0 the growth rate at the start and end of the layer fill-up
is altered, deviating from the pure tanh function going towards a linear model.
τ1=15, τ2=0.0 (solid); τ1=20, τ2=0.1 (dashed dotted). τ1=50, τ2=1.1 (dotted)
and for all curves tθ= 12=50.
2If τ2 ￿= 0, the coverage is forced to be between limits 0 and 1
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Because the growth rate of each layer can be set independent of neigh-
bouring layers, the growth rate and/or tθ= 12 values of consecutive layers does
not have to be the same. This can result in a diﬀerence in eﬀective total flux
for incoming SrO and TiO2 particles on the surface. In the models presented,
the diﬀerence in total flux is allowed to diﬀer by a maximum of 10%. In ad-
dition, the ratio of the flux between SrO and TiO2 particles is kept close to
unity.
It is worth emphasising that the growth unit here is not a full SrTiO3
unit cell, but separate SrO and TiO2 units. However, when the growth rate
of two consecutive layers is (almost) identical the actual growth unit cannot
be identified.
The resulting growth rate curves with this model will look similar to
other models mentioned above [25–28], but nevertheless these models did
not yield a satisfactory description of the data. The model mentioned above
allows one to readily fit the data and to interpret the resulting growth curves
qualitatively.
6.2.2 Film model
The starting DyScO3(110) substrate has a surface structure as described in
chapter 4. It consists of a bulk ScO2 terminated DyScO3(110) crystal with
one unit cell of DyScO3(110) on top, where the four atomic layers in this
top unit cell are only partially occupied. During growth these four layers are
completed using the model described by Eq. 6.2.
The deposited SrTiO3 for these first four layers is given the same structure
as DyScO3(110), essentially performing an element replacement. The other
SrTiO3 layers, which cover the whole surface are given the same structure as
DyScO3 as well, with the addition of a compression factor perpendicular to
the surface of 0.96% as described in section 6.4. A debate if the compression
should also be made with the first four incomplete SrTiO3 layer is not rele-
vant, for the eﬀects on the performed measurements would be so small that
they would not be detectable. Moreover, the model would have to be made
more complicated to adjust the interface between the last incomplete TiO2
layer and the first complete SrO layer.
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6.3 Experimental
The DyScO3(110) substrates were annealed in an oxygen atmosphere for 24
hours at 1000 ◦C and allowed to cool in oxygen at atmospheric pressure. Just
before measurement, the substrates were cleaned with acetone and dried with
compressed air.
The measurements were performed with a substrate temperature of 650 ◦C
or 700 ◦C and at low oxygen pressure (4*10−2 mbar). The laser used was a
Nd:YAG laser (266 nm) with a pulse width of about 5 ns, repetition rate of
1 Hz and laser fluency of about 2.5 J/cm2. The target consists of a SrTiO3
single crystal, rotating during deposition with the laser hitting the target oﬀ
centre to maximise the surface exposed to the laser.
6.4 Lattice mismatch between DyScO3(110)
and SrTiO3
Mismatch between a substrate and film is defined as the relative diﬀerence
between their lattice parameters. For the system discussed here, the mis-
match along the a-axis is :
mismatch =
aSrT iO3 − aDyScO3
aDyScO3
∗ 100% . (6.3)
The term mismatch is typically used for the in-plane directions (a and b), but
here, using the same formulation, a mismatch in the out-of-plane direction
(c) is defined correspondingly.
To facilitate the comparison of the lattice parameters of SrTiO3 and
DyScO3 and calculate the mismatch, the lattice parameters of SrTiO3 are
doubled and the lattice parameters of DyScO3 are used in the (110) surface
setting (see Sect. 4.4).
The bulk lattice parameters of SrTiO3 and DyScO3(110) at room temper-
ature and the resulting mismatch are given in table 6.1. At room temperature
the mismatch is nearly the same in all directions, only slightly larger in the
b-direction. When the SrTiO3 thin film is grown on DyScO3(110), SrTiO3
largely adapts to the in-plane lattice constants of the substrate, resulting in
in-plane tensile strain. This consequently leads to an out-of-plane compres-
sive strain and a larger lattice mismatch in the out-of-plane direction (from
-1.20 to -1.76%). The strain in the SrTiO3 thin film in the in-plane direction
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is about 0.01, causing it to be in a ferroelectric state (see Fig. 6.1). The
out-of-plane strain component is about a factor two smaller compared to the
in-plane one.
The unit cell parameters of DyScO3(110) at elevated temperature (600 ◦C)
were measured at the DUBBLE beamline (ESRF) and are consistent with
literature values [29]. No data is known for the lattice parameters of strained
SrTiO3 on DyScO3(110) at elevated temperature. For bulk SrTiO3 and
DyScO3(110) at elevated temperature the overall trend is a decrease in mis-
match due to the larger thermal expansion coeﬃcient of SrTiO3 with respect
to DyScO3. Therefore, the mismatch in the in-plane direction, similar to the
room temperature situation, is expected to be close to zero, corresponding
to a pseudomorphic film.
On a DyScO3(110) substrate, on which 20 ML of SrTiO3 were deposited
a specular scan around the 0 0 2 of DyScO3(110) was measured at 700 ◦C
(open circles fig. 6.6). From the measured fringe pattern, the compression
of the c-axis of the thin film can be derived, because the position of the
fringes will shift when the compression factor varies. A compression by about
(0.96±0.10)% (solid curve)is found, corresponding to an out-of-plane lattice
constant for the strained SrTiO3 thin film of 7.840 A˚. The model curve for
an uncompressed SrTiO3 film is plotted for comparison (dashed line).
No measurement were performed on the in-plane lattice constants of the
SrTiO3 thin film at elevated temperature, but assuming that the film is pseu-
domorphic with the underling substrate, the stain values can be calculated.
This yields 0.0087(8), 0.0102(8) and -0.0023(9) for the two in-plane and the
out-of plane strains, respectively. Comparing these values to the room tem-
perature strain values, it can be seen that the in-plane strain is already largely
present at elevated temperature.
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Room temperature
2*a or a110 (A˚) 2*b or b110 (A˚) 2*c or c110 (A˚)
DyScO3 a 7.9048 7.9132 7.9048
SrTiO3bulk b 7.8100 7.8100 7.8100
mismatch (%) -1.20 -1.30 -1.20
SrTiO3strained c 7.890 7.890 7.766
mismatch (%) -0.19 -0.29 -1.76
strain SrTiO3 0.0102 0.0102 -0.0056
Elevated Temperature
700 ◦C 2*a or a110 (A˚) 2*b or b110 (A˚) 2*c or c110 (A˚)
DyScO3 d 7.926 7.938 7.916
SrTiO3bulk e 7.8579 7.8579 7.8579
mismatch (%) -0.86 -1.01 -0.73
SrTiO3strained 7.926 7.938 7.84(7)d
mismatch (%) 0 0 -0.96(9)
strain SrTiO3 0.0087(8) 0.0102(8) -0.0023(9)
Table 6.1: Lattice parameters, mismatch and strain of SrTiO3 and DyScO3 at
room en elevated temperature. To assist in comparison, the lattice parameters of
SrTiO3 are doubled and the DyScO3 parameters transformed to their (110)-surface
values ( section 4.4). a ICSD-99545[30] b ICSD-23076[31] c [32] d Measurement at
DUBBLE (ESRF) e [33]
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Figure 6.6: Specular rod near the 0 0 2 reflection of DyScO3(110) at 700 ◦C. The
measured fringe pattern (open circles) gives information about the film thickness
of the SrTiO3 thin film. Starting with a unstrained SrTiO3 thin film (dashed line),
the maxima of each modelled fringe were aligned with the measurements and a
compression by 0.96 % of this SrTiO3 thin film yielded the best fit (solid curve).
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6.5 The onset of growth oscillations
In this section the growth kinetics of SrTiO3 on DyScO3(110) will be dis-
cussed.
Ideally thin films are grown on a perfectly flat substrate, but here the
non-ideal, but quite common, case will be discussed of a mixed terminated
DyScO3(110)substrate with its surface structure as determined in chapter 4.
In these non-ideal type of systems it may take several layers before growth
becomes regular. This can be observed when monitoring the growth process
using, for example, X-ray diﬀraction. A typical example is given in figure 6.7,
where regular growth oscillations are observed only after about 300 seconds,
the initial part is very irregular.
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Figure 6.7: Change in structure factor during deposition. The deposition is started
at t=100 sec, but regular oscillations can only be obvserved after t ≈ 300 sec.
In order to understand what is happening during this initial part of the de-
position, an experiment was performed in which the growth was interrupted
several times during this initial stage, in order to measure the specular re-
flectivity curve, from which the out-of-plane film structure can be derived.
The results of this experiment are shown in figure 6.8. The open circles in
Fig. 6.8(b) show the specular data of at four diﬀerent stages of the deposition,
while Fig. 6.8(c) shows the change in structure factor from one stage to the
next. At each stage, the l-value of the minimum in the starting specular
reflectivity was used as a sensitive measure of the structural changes.
At the start of this experiment, the bare substrate consists of a ScO2
terminated DyScO3(110) crystal with one unit cell of DyScO3(110) on top
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Figure 6.8: Measurements and model fits for the growth kinetics of 0-3ML of
SrTiO3 on DyScO3(110). (a) Schematic representation of the coverage of the
atomic layers in between depositions. On the left, the coverage of the uncompleted
top surface layers of the substrate are shown, consisting of two DyO (white) and
two ScO2 layers (black). The coverages for these schematic representations are
derived from the specular scans, the deposited TiO2 layers and SrO layers being
grey and white respectively. (b) Specular scans at diﬀerent stages of the deposition.
The measured data (open circles) is given together with the model fit (solid curve).
The reciprocal space point for the next deposition is indicated with an arrow. (c)
Change of structure factor during each deposition. The measured data (open
circles is given together with the model fit (solid curve). The constant structure
factor at the start and end of each scan are the times before and after the actual
deposition. (d) Growth rates of the diﬀerent atomic layers. The coverage of
each layer is plotted in time for both SrO (dashed curves) and TiO2 layers (solid
curves). The open circles at each roman numeral are fixed points in the model,
corresponding to the measured coverages at that time.
102
6.5 The onset of growth oscillations
where the four atomic layers in this top unit cell are partially occupied. The
situation for the bare substrate is indicated as ’I’ in figure 6.8. A schematic
representation of the bare surface is given in figure 6.8(a), left, which is
derived from the measured specular rod 6.8(b), left, where it is depicted
together with the fit.
Similarly, for other specular reflectivity curves, the corresponding cov-
erage at each stage is derived, shown as solid lines in Fig. 6.8(b), with a
schematic representation in Fig. 6.8(a).
A description of the transition between stages is shown by continuously
increasing the coverage of the diﬀerent layers, reproducing the change in
measured structure factor during deposition. The results of fitting are shown
as solid curves in Fig. 6.8(c), with the corresponding evolution of the coverage
of the diﬀerent layers in Fig. 6.8(d).
A striking result is seen at the start of the deposition, where the first four
incomplete layers of the substrate and part of the first ScO2 layer need to be
filled up in a linear fashion, in order to agree with the data. At t=75 sec.,
the first four partial SrTiO3 are completed. This linear growth rate at the
start of this first deposition indicates a fast incorporation of the incoming
adatoms into the thin film system. The roughness of the bare substrate
provides the necessary nucleation sites for this fast incorporation. For the
adatoms arriving on the surface, suﬃcient step edges can be found where to
nucleate. The first full TiO2 layer starts to grow significantly only after the
underlying layers are nearing completion.
The end situation after the first deposition is the complete fill-up of the
first four incomplete substrate layers, plus the start of the growth of the first
complete SrTiO3 unit cell layers. From this point onwards the system can
be described by a layer-by-layer growth model, where only two (one SrO
and one TiO2 layer) grow simultaneously and subsequent layers only start
growing after the underlaying layers are (almost) completely filled.
The growth rates of the first grown layers, given by the slopes of the lines
in 6.8(d), is about half the growth speed compared to the subsequent layers.
This occurs because at the beginning of the deposition about four layers grow
simultaneously, while only two layers grow at a later stage of the deposition.
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6.6 20 ML SrTiO3 on DyScO3(110)
Using the model for the initial growth of SrTiO3 on DyScO3(110) described
in the previous section, here the model will be used to describe the growth
process of a non-interrupted deposition (Fig. 6.7), because the interruption
may have modified the growth process.
The model for the DyScO3 substrate consists of a bulk ScO2 terminated
DyScO3(110) crystal with one unit cell of DyScO3(110) on top, but with the
four atomic layers only partially occupied. The coverage of these four layers
is 0.92 , 0.61 , 0.40 and 0.34 from bulk crystal upwards (horizontal dashed
lines in Fig. 6.9a).
The measured timescan is at the reciprocal space point 0 0 0.992. In figure
6.9b, the measured change of structure factor in time during the deposition
is given (open circles) together with the model fit (solid line). In figure 6.9a
the same model fit is depicted (solid line) together with the coverage for each
layer in time (dashed lines). The laser is started at t= 105 sec. During the
first part of the deposition, the first four uncompleted DyScO3 layers are
filled up with SrTiO3 and part of the top DyScO3(110) surface is covered.
These first four incomplete DyScO3 layer are filled in a linear fashion, the
layers being completed at the same point in time (t=149 sec.), similar to the
deposition described in section 6.5. This results in a drop in structure factor
(area 1, Fig 6.9b). This linear growth rate indicates a relatively high diﬀusion
of SrTiO3 adatoms on the DyScO3(110) surface. During the deposition of
the next four SrTiO3 layers (2x SrO, 2xTiO2) the surface atoms have a lower
mobility, but still a slightly higher than the subsequent layers (area 2, Fig
6.9b). After the deposition of these two first complete monolayers of SrTiO3,
the system gets into a stationary mode with a constant growth rate and
diﬀusion constant (area 3, Fig 6.9b), growing in a layer-by-layer fashion.
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Figure 6.9: Model and measured data for the deposition of about 20ML of SrTiO3
on DyScO3(110). (a) the model fit (solid line) together with the coverage of the
layers in time (dashed curves). Diﬀerent growth regimes can be distinguished,
first the linear fill-up of the four uncompleted DyScO3 layers together with a
first SrTiO3 layer. Second, the first two complete SrTiO3 layers with a diﬀerent
diﬀusion rate with respect to the third and last part of the deposition. (b) shows
the measured structure factor at the reciprocal space point 0 0 0.992 (open circles))
together with the model fit (solid line), the three diﬀerent growth regimes described
above are numbered (1-3). (c), Schematic picture of the DyScO3 substrate along
with the diﬀerent growth regimes of SrTiO3.
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6.7 Conclusion
The strain state of the SrTiO3 thin film is one of the interesting features of
this system. Upon deposition of SrTiO3 on DyScO3 at elevated temperatures
(700 ◦C), most of this strain is instantly present in the thin film. Assuming
the SrTiO3 thin film grows coherently on the substrate, which is very plau-
sible when looking at the misfit values at room and elevated temperatures,
almost all the in-plane strain is already present at these elevated tempera-
tures. For the out-of-plane direction the thin film is compressed by about
0.96(9)%, yielding an out-of-plane lattice constant for the strained SrTiO3
thin film of 7.84(7)A˚ and a axial strain of -0.0023(9), about half the strain
value compared to room temperature. Though most of the strain is present
at elevated temperature, the thin film is still expected to be in its paraelectric
state, with a Curie temperature below 450 ◦C (Fig. 6.1, left)
With the deposition of SrTiO3 on DyScO3, the starting condition of the
substrate can significantly influence the growth oscillations observed. A clear
example of this is the doubling of the oscillating period observed when com-
paring a perfectly single terminated surface to a double terminated surface
(Figure 6.3b v.s. 6.4b).
When observing the growth oscillations during a deposition, in some cases
the regular oscillatory behaviour is not observed right from the start [34].
The system has to pass an initial stage before the regular oscillation begin.
For the growth of SrTiO3 on DyScO3 described in this chapter, the growth
starts with the fill-up of the uncompleted surface layers of the substrate in a
linear fashion. This linear growth rate indicates a fast incorporation of the
incoming adatom. The fast incorporation is made possible by roughness of
the uncompleted surface layers, giving many nucleation sites for the adatoms.
When the uncompleted surface layers of the substrate are almost filled up,
SrTiO3 immediately starts to grow in a layer-by-layer fashion in which only
one SrO and one TiO2 layer grow significantly.
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Summary
A broad spectrum of physical properties is exhibited by complex transition
metal oxides with a perovskite crystal structure and this makes this group
of materials very attractive for micro-electronic devices, specially when a
combination of properties is wanted for an application. The extensive list
of physical properties exhibited is partly due to the ability of the perovskite
structure to accommodate almost every element of the periodic table.
In this thesis a relatively new type of transition metal oxide substrate
surface is investigated, the (110) surface of the rare earth scandate DyScO3.
Besides the bare substrate surface, the growth kinetics together with the
resulting film properties of SrTiO3 thin films deposited with Pulsed Laser
Deposition (PLD) is investigated. To be able to fully investigate the depo-
sition process a new and versatile PLD chamber was developed for use at
the European Synchrotron Radiation Facility (ESRF). It allows for in-situ
surface X-ray diﬀraction (SXRD) measurements during and directly after the
deposition. With respect to other developed PLD-chambers for use at syn-
chrotrons, the design described in this thesis allows for full crystallographic
data acquisition over a wide angular range without any blind spots, thus
yielding access to a large fraction of reciprocal space. The chamber can
accommodate multiple targets, while the mounting of the laser on a com-
mon platform with the chamber minimises laser alignments. Experiments
on two diﬀerent beamlines at the ESRF (BM26 and ID15) show the new
PLD-chamber functions well within its required specifications.
111
Summary
Before a thin film of SrTiO3 can be deposited, however it is important
to characterise the bare DyScO3(110) surface. After the DyScO3(110) crys-
tal surfaces are cleaned and annealed yielding straight and equidistant step
edges, the first impression given by Atomic Force Microscopy (AFM) is a
single terminated surface with steps that are half a unit cell high. Growth
experiments with SrRuO3 and SXRD experiment on the annealed substrates
show that this is not the case and that the surface of annealed DyScO3(110)
has in fact a mixed termination. The complexity and surface disorder of the
annealed DyScO3(110) surface make it impossible to derive a model that fits
all the SXRD data perfectly. Instead, a simple model is derived that agrees
with most of the SXRD, AFM and growth data. It consists of a ScO2 single
terminated surface with four partially occupied surface layers (i.e. one full
unit cell of DyScO3) on top, with a displacement of the dysprosium atoms
in the the first surface layer. The reason why this mixed termination of the
annealed DyScO3(110) surface is not seen with AFM is probably that the
four partially occupied surface layers are present as surface features below
the lateral resolution of the AFM.
With an improved sample preparation technique it is possible to obtain
a DyScO3(110) surface that is single, ScO2 terminated. After annealing the
sample is subjected to a selective etching procedure using HF and NaOH.
HF roughens the substrate first, making the subsequent NaOH etching step
more eﬀective and reliable. SXRD and Angle-Resolved Mass Spectroscopy
of Recoiled Ions (AR-MSRI) data confirm the single ScO2 termination.
A single terminated DyScO3(110) surface is polar. The surface structure
is therefore investigated to explain how it is altered to avoid a polar discon-
tinuity. Reflection High-Energy Electron Diﬀraction (RHEED) and SXRD
data show no surface reconstruction for DyScO3(110), indicating the absence
of systematic cation vacancies at the surface. Moreover, SXRD data indicate
that cation displacements in relation to the bulk plane are unlikely to be
present. Therefore, the polarity diﬀerence between bulk and vacuum is most
likely overcome by introducing oxygen vacancies in the topmost Sc layer.
However, the techniques used are not sensitive enough to confirm this.
The strain state of a SrTiO3 thin film is one of the interesting features
of this system. As can be seen from measurements directly after deposition
at 700 ◦C, most of this strain is instantly present in the thin film. Assuming
that the SrTiO3 thin film grows coherently on the substrate, almost all the
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in-plane strain is already present at these elevated temperatures. For the
out-of-plane direction a compression factor of about 0.96(9)% is measured,
resulting in an out-of-plane lattice constant for the strained SrTiO3 thin film
of 7.840(7)A˚ and a axial strain of -0.0023(9), about half the strain value
compared to room temperature. Though most of the strain is present at
elevated temperature the thin film is still expected to be in its paraelectic
state, because the Curie temperature is below 450 ◦C.
When depositing SrTiO3 on DyScO3(110), the starting condition of the
substrate can significantly influence the growth. When observing the growth
oscillations of a deposition, in some cases the regular oscillatory behaviour
is not observed right from the start. This initial stage was investigated in
detail for the growth of SrTiO3 on annealed DyScO3(110). In this case the
growth starts with the linear fill-up of the uncompleted surface layers of the
substrate. This indicates a fast incorporation of the incoming adatoms into
the thin film system, made possible by roughness of the uncompleted surface
layers. After these layers of the substrate are almost filled up, SrTiO3 starts
to grow in a layer-by-layer fashion in which only one SrO and one TiO2 layer
grow simultaneously.
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Samenvatting
Complexe oxidische materialen met een perovskiet structuur vertonen een
wijd spectrum van fysische eigenschappen. Dit maakt deze groep van mate-
rialen erg aantrekkelijk voor het gebruik in micro-elektronische schakelingen,
zeker wanneer een combinatie van de eigenschappen gewenst is. Een van
de redenen voor zo’n uitgebreide scala aan fysische eigenschappen ligt in
het vermogen van de perovskiet structuur om bijna alle elementen van het
periodieke systeem op te nemen.
In dit proefschrift wordt een substraat onderzocht van een relatief nieuw
type complex oxidide, namelijk het (110) oppervlak van de DyScO3. Naast de
oppervlaktestructuur van het kale oppervlak zijn ook ultradunne films van
SrTiO3 gegroeid op dit substraat onderzocht, samen met de bijbehorende
groeikinetiek en filmeigenschappen. De ultradunne films worden gegroeid
met de techniek gepulste laser depositie (PLD) en gekarakteriseerd met op-
pervlakte Ro¨ntgen diﬀractie (SXRD).
Om een zo volledig mogelijk onderzoek te doen naar de groeikinetiek
en oppervlakte-eigenschappen is een veelzijdige PLD opstelling ontwikkeld.
Bij het European Synchrotron Radiation Facility (ESRF) kan hiermee in-
situ SXRD metingen verricht worden tijdens en direct na de depositie van de
dunne films. Ten opzichte van eerder ontwikkelde PLD opstellingen voor syn-
chrotron faciliteiten, maakt dit ontwerp het mogelijk om een complete kristal-
lografische dataset te verwerven over een groot hoekbereik zonder blinde
vlekken, hetgeen toegang geeft tot een groot deel van de reciproque ruimte.
De PLD opstelling kan uitgerust worden met meerdere depositie materialen,
terwijl de montage van de laser op een gemeenschappelijk platform de uitli-
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jning ervan tot een minimum beperkt. Verschillende experimenten zijn uit-
gevoerd op twee verschillende bundellijnen op het ESRF (BM25 en ID15) en
hebben de functionaliteit en flexibiliteit van deze opstelling bewezen.
Voordat men een dunne film kan gaan groeien is het belangrijk om het
startoppervlak van het DyScO3(110) substraat te karakteriseren. Nadat het
substraat oppervlak is gereinigd en uitgegloeid is het oppervlak bekeken
met atomaire kracht microscopie (AFM). Het oppervlak lijkt dan bedekt
te zijn met rechte, equidistante stapranden met een staphoogte van een
halve eenheidscel, wat duidt op een enkelvoudige terminatie. Echter, groei-
experimenten met SrRuO3 en SXRD metingen geven aan dat het uitgegloeide
DyScO3(110) oppervlak geen enkelvoudige terminatie, maar een gemengde
terminatie heeft.
De complexiteit en oppervlakte wanorde van het uitgegloeide DyScO3(110)
oppervlak maken het onmogelijk om met de gemeten SXRD data een perfect
model te vinden voor de oppervlaktestructuur. In plaats daarvan wordt een
eenvoudig model gegeven waarmee een groot deel van de SXRD, AFM en
groeikinetiek data kan worden verklaard. Dit eenvoudige model bestaat uit
een enkelvoudig, ScO2 getermineerd DyScO3(110) oppervlak met daarop vier
gedeeltelijk bezette oppervlakte lagen (overeenkomend met de hoogte van
een volledige eenheidscel DyScO3(110)). Bovendien vertonen de dysprosium
atomen in de eerste oppervlaktelaag een verplaatsing. De reden waarom
de gemengde terminatie van het uitgegloeide DyScO3(110) oppervlak niet
gezien wordt met AFM, is waarschijnlijk dat de vier gedeeltelijk bezette op-
pervlakte lagen als kleine eilandjes op het oppervlak aanwezig zijn, kleiner
dan de laterale resolutie van de AFM.
Met een verbeterde substraatbehandeling is het wel mogelijk een enkel-
voudig, ScO2 getermineerd DyScO3(110) oppervlak te verkrijgen. Na het uit-
gegloeien wordt het substraat onderworpen aan twee selectieve ets procedures
met HF en NaOH. HF verruwd het oppervlak, wat de tweede NaOH ets stap
eﬀectiever en betrouwbaarder maakt. SXRD en hoekopgeloste massa spec-
troscopie van terugkaatsende ionen (AR-MSRI) bevestigen het enkelvoudig,
ScO2 getermineerd oppervlak.
Een enkelvoudig getermineerd DyScO3(110) oppervlak is polair. De op-
pervlakte structuur van een enkelvoudig getermineerd oppervlak is onder-
zocht om te zien hoe deze polaire discontinu¨ıteit het oppervlak wijzigt. Re-
flectie hoge-energie elektron diﬀractie (RHEED) en SXRD metingen geven
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geen oppervlakte reconstructie aan, wat wijst op de afwezigheid van system-
atische kation vacatures op het oppervlak. SXRD metingen maken ook de
verplaatsing van de kationen aan het oppervlak onwaarschijnlijk. Een mogeli-
jke verklaring om de polaire discontinu¨ıteit op te lossen is het introduceren
van zuurstof vacatures in de bovenste scandium laag.De gebruikte technieken
zijn echter niet gevoelig genoeg om dit te bevestigen.
De structuur en vervorming van een SrTiO3 dunne film op DyScO3(110)
is een interessante eigenschap van dit systeem. Met SXRD metingen, direct
na de depositie bij een depositietemperatuur van 700 ◦C wordt aangetoond
dat de vervorming al grotendeels aanwezig is direct na depositie. Wanneer
aangenomen wordt dat de SrTiO3 dunne film coherent groeit op het sub-
straat, is alle laterale vervorming direct aanwezig bij deze hoge temperatuur.
Voor de axiale richting is een compressie factor van ongeveer 0.96% geme-
ten bij hoge temperatuur, overeenkomend met een axiale cel constante voor
het gedeformeerde SrTiO3 van 7.840(7) A˚ en een axiale deformatie van -
0.0023(9), ongeveer de halve deformatiewaarde in vergelijking met kamertem-
peratuur. Hoewel de meeste deformatie aanwezig is in de dunne film bij hoge
temperatuur, is de verwachting dat de dunne film nog steeds in zijn para-
electrische toestand is, omdat de Curietemperatuur onder de 450 ◦C ligt.
Bij een depositie van SrTiO3 op DyScO3(110) kan de begintoestand van
het substraat de groei be¨ınvloeden. Wanneer men kijkt naar de groei os-
cillaties tijdens een depositie, zal in sommige gevallen het regelmatige os-
cillerende patroon niet meteen vanaf het begin zichtbaar zijn. De aanvang
van de groei is daarom in detail onderzocht voor de groei van SrTiO3 op
uitgegloeid DyScO3(110). De metingen geven aan dat de groei begint met
een lineaire opvulling van de onvolledig bezette oppervlakte lagen Deze snelle
incorporatie van groeieenheden wordt mogelijk gemaakt door de ruwheid in
deze onvolledig bezette oppervlaktelagen. Nadat deze lagen nagenoeg zijn
opgevuld, begint SrTiO3 te groeien in een laag-voor-laag wijze, waarbij steeds
slechts e´e´n SrO en e´e´n TiO2 tegelijk groeit.
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Deze promotie was een samenwerkingsverband tussen de Radboud Univer-
siteit Nijmegen, Universiteit Twente en het ESRF in Grenoble (Frankrijk).
Nog voor dat ik mijn masterbul in handen had ben ik naar Frankrijk verhuisd
en daar het eerste deel van mijn promotie doorgebracht. Voor het tweede
deel (inclusief verlenging) ben ik weer terug naar Nijmegen verhuisd.
Ik ben natuurlijk aan heel veel mensen dank verschuldigd. Zonder on-
dergenoemde mensen was dit boekje en de inhoud nooit tot stand gekomen,
althans niet in deze vorm.
Allereerst wil ik mijn promotor Elias bedanken, ik kan me geen betere
promotor voorstellen. Je stond altijd voor me klaar voor vragen, met ideee¨n
of om mee te helpen problemen op te lossen. Ook je kennis en ervaring is
onmisbaar geweest tijdens de bundeltijden op ’t synchrotron. Tijdens de
lange dagen/nachten van de bundeltijd was ’t altijd prettig samenwerken en
hebben we er zelfs tijdens de metingen je verjaardag met taart en wijn mogen
vieren. Als groepshoofd hecht je, naast wetenschappelijke samenwerking,
ook belang aan een goede groepscohesie. De koﬃepauzes, OlIMMpiade en
’t jaarlijkse dagje-uit met de barbecue bij je thuis waren dan ook altijd erg
gezellig. De zoektocht naar de beste espresso, waarbij de weg natuurlijk
belangrijker is dan ’t doel, wordt nu onafhankelijk, maar wel tweemaal zo
snel voortgezet. Elias, nogmaals hartelijk dank voor alles wat je gedaan
hebt!
Sybolt, als co-promotor was je nauw betrokken tijdens ’t gehele promoti-
etraject. Jouw expertise in de kristallografie was onmisbaar. Dank voor ’t
kritisch doorlezen van de manuscripten en onderzoeksvoorstellen. Het was
een plezier om met je samen te werken, altijd goed gemutst, een goede partner
119
Dankwoord
voor bij de lange bundeltijddagen. Ik ben erg blij dat je ondanks je pension
altijd zo betrokken bent gebleven. Je theorie over dat bananen eigenlijk hele-
maal niet lekker zijn, mag je binnenkort opnieuw uit gaan testen als we van
de Cavendish banaan gaan overstappen op de Goldfinger banaan, misschien
bevalt je die beter.
Veijo, you adopted me and Federica when Heinz left to go to the XFEL
project in Hamburg and took over the daily guidance for my time at the
ESRF. I immediately felt at home within the ID15 group and with the wide
range of nationalities there was always a good conversation topic during lunch
and coﬀee. With your expertise both on the experimental and theoretical
field you guided me through a lot of problems. I am really honoured I can
have you as a co-promotor. Many thanks, Veijo!
Heinz, je bent tijdens mijn tijd bij het ESRF naar Hamburg vertrokken,
maar betrokken gebleven door te helpen met de bundeltijden. Samen met
Elias en Sybolt vormden jullie een mooi team, maar met drie Friezen tegen
een Brabander hoefde ik niet over carnaval te beginnen.
As mentioned before I really felt at home within the ID15 group, and
many thanks go to Thomas, Diego, Marco, Anthony, Mogens, John D.,
Matthew, Sebastian, John O. and Gabriela. Not only during working hours,
but also the many drinks after work in the various pubs. It was always great
fun!
Guillaume, you were a great oﬃce mate, always cheerful and full of en-
ergy. You showed me the way around the ESRF and Grenoble. Thanks for
introducing me to the French way of life!
Many of the experiments were executed at the BM26 beamline and could
not have been preformed without the help of its staﬀ: Dirk, Guiseppe,
Kristina, Florian, Sergey and of course Wim Bras. Many thanks to all of
you.
For help with designing and constructing the PLD chamber and furnaces
for experiments, I must thank the SEL, especially Bernard Gorge.
After work, arriving home at 20 Av. Alsace Lorraine, there was al-
ways someone at home. What a great house it was to live in with Fabrizio,
Guiseppe, Ivan, Pillar, Miguel, Rita and regular visitors Mario and Theresa.
And if this wasn’t great enough, two floors up, lived Clarisse, Celine and
Maximiliane. Never a dull moment in this house. I will always remember
the Alsace Lorraine Parties with a good part of the ESRF people and other
friends completely filling this huge house. But also the grand Easter din-
ers, Galette des Rois, other food festivities, many drinking evenings on both
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floors, many gin bottles and all the nights out in our pub Le Me´tropolitain.
Many, many thanks to all you guys and girls for the great time in Greno-
ble. Although now all have left Alsace Lorraine and several have also left
Grenoble, I hope when we meet occasionally we’ll have the same great times!
Na de eerste helft van mijn promotie in Grenoble te hebben doorgebracht,
ben ik daarna teruggegaan naar de Vaste Stof Chemie groep in Nijmegen,
een afdeling waar je met plezier naar je werk gaat. Mijn dank gaat uit
naar de vaste staf. Naast Elias was daar Hugo (Lid van de Nederlandse
Vereniging voor de Historie van de Radio, Jazzzz in Odessa en Trianon),
Willem (Wijn, Meteorieten, en foute opmerkingen over Duitsers, al moet ie
nu wat voorzichter zijn met al die Duitse studenten), Elizabeth (Onmisbaar
voor de afdeling, Hakjes snel tikkend over de afdeling, hulpvaardig maar
bereid zweepslagen uit te delen bij tegenwerking), Jan v. K. (Wat heb je
nodig en Jan regelt het, aanstekende lach, sterke koﬃe in de vroege ochtend)
en Wiesiek (vol technische kennis, gezellige praatjes op de gang). Later is dit
team versterkt met Rene, Jan S. en Erik.
Naast de vaste staf was daar ook de post-doc van de afdeling, Vedran
dank voor alle hulp bij mijn vragen over diﬀractie en ANAROD.
Dan natuurlijk mijn lotgenoten, sommige al in het bezit van het papiertje,
andere onderweg: Maurits, Paul, P., Zjak, Rienk (nu weer college, van nano
naar giga), Wim (koken, koﬃe, R1 t/m R...), Natalia (dat iemand zo snel
Nederlands kan leren), Fieke (KAP team, Pavoni gehemeld, maar monster-
achtige maler), Alaa (heerlijk Arabisch eten), Arno (altijd lastig te verdedigen
bij ’t tafelvoetballen), Wester, Eline, Rita, Laura, Renee en Stedian.
En dat zijn nog maar de helft van de VSC mensen want er is ook nog een
eindeloze lijst met studenten welke de afdeling met hun aanwezigheid hebben
verrijkt. Tijdens de AIO/studenten etentjes werd het duidelijk dat behalve
wetenschappelijk ’t ook culinair helemaal goed komt met de ”jeugd”.
Tijdens mijn laatste half jaar op de uni, kreeg ik mijn flexplek op de
afdeling aan de overkant, bij AMS. Om ’t contact met VSC niet te verliezen,
had ik ’s ochtends koﬃe bij AMS en ’s middags bij VSC, geen probleem.
Alleen toen er de OlIMMpiade en de nationale wetenschapsquiz waren moest
ik een kant kiezen (AMS en VSC respectievelijk) en door juist te kiezen mee
mogen delen in de grote beker voor ’t touwtrekken. Paul, John, Wil, Gerard,
Peter, Tim, Gerbe ,Gunther, Niek, Ine, Thieu, Jon en Joep dank voor jullie
gastvrijheid, ’t was een plezier om op jullie afdeling te mogen verblijven.
Vanuit de Universiteit Twente kwam de expertise over de substraatma-
terialen en monstervoorbereiding. Voor alle discussies en hulp tijdens de
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bundeltijden moet ik Guus, Bouwe, Josee, Jeroen en Hans bedanken.
Mijn familie en schoonfamilie wil ik graag bedanken voor alle steun en
interesse, al was ’t onderwerp niet altijd even makkelijk uit te leggen. De
bezoekjes naar Grenoble werden altijd gewaardeerd. Ik begin de vraag naar
wanneer ’t feest nu is al een beetje te missen...
Liefste Rafke, we zaten in het zelfde schuitje, voor jou is ’t boekje ook in
zicht. We hebben dan ook samen aan tafel of op de bank aan onze boekjes
kunnen werken. Af en toe mopperend als weer iets niet lukte, maar gedeelde
smart is halve smart en zonder jou was ’t niet gelukt. Dank voor al je steun
en hulp! We hebben nu ons nieuwe stekje gevonden in Arnhem, met beide
nu een ’”echte” baan. Een nieuwe fase, en daar gaan we beide, samen van
genieten.
Alle, nogmaals bedankt!
Paul
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